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Beauveria bassiana (Fungi: Ascomycota) is an entomopathogenic fungus that serves as a biological control agent of Mormon
crickets Anabrus simplex Haldeman (Orthoptera: Tettigoniidae) and other grasshopper pests. To measure the dose-dependent

response of Mormon crickets to fungal attack, we applied B. bassiana strain GHA topically to adults using doses of 5.13 X 10
4

to 1.75 X 10
6
conidia in sunflower oil, with oil only as a control. After three weeks, we assessed the survivors’ hemolymph for

fungal cells, active phenoloxidase (PO), and lysozyme. Mortality increased and body mass of survivors decreased with conidial

dose, survivors’ PO activity was elevated to the same level independent of dose. Those with fungal cells visible in their hemolymph
did not differ in PO activity from those with clear hemolymph. We conclude that circulating PO may be an important enzymatic

defense against Beauveria infection and that it is associated with attempted clearing of Beauveria blastospores and hyphae from

Mormon cricket hemolymph.

1. Introduction

Nomadic insects risk contact with fungal pathogens [1].

Mormon crickets, a long-horned grasshopper or katydid,

form bands and march across western United States grass-

lands seeking food, salt, and oviposition sites (Figure 1,

[2, 3]). Wingless, they must walk, which increases the risk

of contacting insect-pathogenic ascomycetous fungi, such as

Beauveria spp. and Metarhizium spp., on plants or soil [4].

These fungal pathogens occur naturally, but some strains,

such as the commercial Beauveria bassiana GHA, may be

applied artificially as control agents.

The ability of the fungus to infect an insect depends

on its ability to adhere and penetrate the exoskeleton, resist

the insect’s hemolymph-borne defenses, and grow rapidly

[5]. The conidium adheres to the cuticle and germinates to

penetrate the exoskeleton with a combination of mechanical

pressure and a cocktail of lytic enzymes. The insect may
respond to the wounding with local induction of the

phenoloxidase (PO) cascade, resulting in production of toxic

quinones and cuticular melanization. Following penetration

into the hemolymph, the fungus grows as a yeast-like

blastospore or as short lengths of vegetative hyphae. Insect

defenses include encapsulation of the fungus by granulocytes

and plasmatocytes (both circulating hemocytes) and forma-

tion of a nodule that may be melanized [6]. Grasshoppers

may also respond with behavioral fevers, elevating body

temperature to inhibit fungal growth [7, 8] . Mormon crickets

do not demonstrate behavioral fever per se; their preferred

body temperatures are 34-37°C [9] ,
above the upper thermal

limit for most entomopathogenic Ascomycetes. Death of the

host may result from competition with the pathogen for

nutrients, mechanical damage resulting from hyphal growth,

and fungal toxins [5].

The humoral defenses of insects to pathogenic fungi have

only been investigated in a handful of species. Metarhizium

infection may result in declining hemolymph protein and PO
titres over the course ofthe infection until death (Schistocerca

gregaria [10], Locusta migratoria [6]) whereas Beauveria

infection increases active PO levels (Melanoplus sanguinipes

[11], Spodoptera exigua [12]). Lysozyme activity may
decline (Schistocerca gregaria [10]) or remain unchanged
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(Spodoptera exigua [13]). In this paper, we investigate circu-

lating PO and lysozyme titres in adult Mormon crickets that

have successfully defended themselves against invasion from

topically applied Beauveria bassiana strain GHA. On range-

land and crops, control agents are frequently not applied

until Mormon crickets have reached the adult stage because

the public demand for control is greatest when Mormon
crickets have banded together and migrated from natal sites

into habitats where they interfere with human activities.

2. Materials and Methods

2.1. Fungal Conidia. The B. bassiana conidia were obtained

from Laverlam International (Butte, Montana, USA.) as

a dry technical grade conidial powder. Conidial viability

was determined by plating aqueous conidial suspensions

onto quarter-strength potato dextrose agar, incubating the

fungi at 28°C for 18-20 hr, then examining with 400x

phase-contrast microscopy for germination. A conidium was

considered germinated and thus viable if a germination peg

was visible. A concentrated stock suspension in sunflower oil

was prepared from the dry conidia, and the concentration

was determined by hemocytometer counts of kerosene-

diluted samples and adjusted for conidial viability. Working

dilutions were prepared from the two concentrates using

positive displacement pipettes, and the exact concentrations

were determined by hemocytometer counts of kerosene

-

diluted samples. All conidia concentrations are viable conidia

per unit volume.

2.2. B. Bassiana Dose Response. Adult Mormon crickets were

collected at Lodge Grass, Montana on July 17, 2007, and

fungal treatments were topically applied on July 24 (1st

replicate) and July 25 (2nd replicate) to the base of the first

leg, including the following fungal doses suspended in 1 p\

sunflower oil: 1.75 * 10
6

,
1.07 * 10

6
, 3.54 * 10

5
,
1.13 * 10

5
,

or 5.13 * 10
4
conidia/fd B. bassiana strain GHA or a control

treatment of only sunflower oil. Survivorship was measured

over 21 days at 28° C.

2.3. Immunity Assays and Total Protein. After three weeks,

we drew hemolymph from the surviving adults (five males

and five females for each treatment, fewer if there were

not enough survivors) to assess spontaneously active PO,

lysozyme-like activity, and total hemolymph protein. We
measured the body mass of each cricket to the nearest

mg with an Ohaus microbalance (model AV53) and then

punctured the arthrodial membrane at the base of the hind

leg of each insect with a 26 gauge hypodermic needle so

that it exuded hemolymph. A total of 14 pL of hemolymph
was collected into a capillary tube, with a second puncture

performed when necessary. For assays of PO activity and

total hemolymph protein, the hemolymph was diluted 1 : 50

with phosphate buffered saline (PBS) solution and frozen

at -20°C. An additional ID pL hemolymph diluted 1:10

with PBS was stored at -20°C for subsequent measuring of

lysozyme activity. For ten insects, we did not collect sufficient

blood for all of the tests.

Figure 1: Migrating Mormon crickets basking near Jarbidge,

Nevada in July 2009.

To measure PO activity, we followed the protocol of

Wilson et al. [8]. Samples of thawed hemolymph diluted

in PBS were centrifuged (4°C, 10,300 rpm for 10 minutes)

and activated with 10 mM dopamine solution. The plate

was loaded into a temperature-controlled BioTek microplate

reader (25°C), and absorbance at 492 nm was read between

5 and 15 minutes. If sample absorbance was linearly related

with time, we calculated mean V (change in absorbance

min- 1
). One unit PO activity per ml hemolymph is defined

as the amount of enzyme resulting in a 0.001 increase in

absorbance.

To measure lysozyme-like antibacterial activity, a tur-

bidimetric method was used, following the protocol of de

Azambuja et al. [14]. Thawed and PBS-diluted hemolymph
was added to a well with suspended gram-positive bacteria

cells Micrococcus lysodeikticus (Worthington). Clearing of the

well was compared to a serial dilution of egg-white lysozyme

(Sigma) added to the bacteria suspension. The plate was

loaded into a temperature-controlled Biotek microplate

reader (25°C), and absorbance at 450 nm was read between

10 and 30 minutes. If the sample absorbance was linearly

related with time, we would calculate mean V. When sample

activity fell below 6.5 pg ml'
1

,
the sample was excluded

because the standards showed that the data were unreliable

when samples were this weak.

We measured total hemolymph protein in mg protein

ml-1 hemolymph with a Total Protein Kit, Micro (Sigma)

compared to a serial dilution of the human albumin

standard.

2.4. Verifying Infection. An additional 1 0 pL of hemolymph
collected as described above was smeared on a slide and

stained with a drop of lactofuchsin. Hemolymph samples

were scanned at 400x, using dark-field, phase-contrast

microscopy, for hyphae and blastospores.

2.5. Statistical Analyses. To analyze the B. bassiana dose

response data, we combined the data from both replicates

because Fisher’s Exact Tests indicated no significant differ-

ences between the replicates at each dose. The combined data
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Table 1: Pathogenicity of Beauveria bassiana strain GHA for

adult Anabrus simplex based on mortalities 21 days after topical

application.

LD50
(conidia/insect)

95% Confidence

Limits

(conidia/insect)

Slope (S.E)

Chi-

Square g**

(P)*

6.46 X 10
5 3.97 x 10

5-

1.275 x 10
6

0.885

(0.171)
6.745 (.08) 0.144

* Chi-square of heterogeneity: measures goodness of fit to the weighted

regression line with P > .05 indicating a good fit of the data to the line.

D.F. = 5

**£ is the index of regression significance.

were then subjected to probit analysis using LDP Line (LdP

Line, 2000 by Ehab Mostofa Bakr, Cairo, Egypt). Lysozyme

and logio-transformed PO were normally distributed. Apply-

ing ANCOVA, we covaried the dependent variables with

body mass and tested them for effects of replicate, sex and

fungal dose (sample sizes in order of dosage from highest

to lowest: n - 2, 8, 9, 10, 10, and 10 for the 1st replicate

and n = 3, 5, 8, 6, 9, and 10 for the 2nd). Body mass was

not a significant covariate, and so here we report the results

from the three-way ANOVA’s. Only for the males did the

total protein meet the assumptions for parametric statistical

analyses, and so we applied nonparametric statistics to data

for the females.

Data for PO and total protein were normally distributed

after logio transformations. Lysozyme activity was normally

distributed after squaring the data. Applying ANCOVA, we
covaried the dependent variables with body mass and tested

them for effects of sex and fungal treatment. However, body

mass was not a significant covariate, and so we simplified the

analysis and reported the two-way ANOVA’s.

(a)

Ph

6 3.6 -

QJ A
=2 o
4 a 3.5 -

•g j*
£ jO c
a a

3.4 -

3.3 -

^ c
2
bQ

3.2 -

JO

3.1 -

Control 51 113 354 1070 1750

Beauveria spore application (in thousands)

(b)

Figure 2: (a) Body mass and (b) phenoloxidase (PO) activity of

adult Mormon crickets relative to the dose of Beauveria bassiana

applied. Means and standard errors of the two replicates are

shown with significantly different means in post hoc comparisons

indicated by different letters.

3. Results

Mortality at 21 days ranged from 22% to 80% and increased

with the dose of B. bassiana applied to the cuticle (Table 1)

with an LD50 estimate of 6.46 X 10
5
conidia per insect.

For survivors, mean body masses of replicates were

significantly different (P = .038), and those for all treatments

except one were significantly less than that for controls, but

there was no difference in body mass among B. bassiana

doses (Figure 2(a)). Log PO differed significantly between

replicates and dose (P = .0015 and P = .0048, resp.) whereas

it did not differ between the sexes (P = .80). In a post hoc

comparison among the means, Mormon crickets treated with

B. bassiana had greater PO activity than uninfected controls,

but none of the fungal treatments differed from one another

(Figure 2(b)). The second replicate also had significantly

greater lysozyme activity than the first (P = .030) whereas

sex and dose did not have significant effects (P = .81 and

P = .57, resp.). Within males, total protein was proportional

to body mass (P < .0001), and insects in the second replicate

had significantly greater total protein than those in the first

(P = .0025, resp.), but fungal treatment was not a significant

factor affecting total protein (P = .635). Females in the

second replicate also had significantly greater total protein

than those in the first replicate (Wilcoxon test, S = 423, z =

2.02, P = .043), but fungal treatment was not a significant

factor affecting total protein within replicates (P > .60).

4. Discussion

Mormon crickets responded to B. bassiana infection with

an increase in PO. Beauveria infection also increased active

PO levels in the grasshopper Melanoplus sanguinipes and

the army cutworm Spodoptera exigua [12], Gillespie and

Khachatourians [11] found that after topical application

of 108 conidia to M. sanguinipes, PO levels increased 3.8

times in males peaking at 3 days postinfection and 8.3 times

in females peaking on the first day postinfection. In M.

sanguinipes after 5 days, PO levels had returned to near

control levels in males, but in females remained more than

twice that of controls. Our applied doses were lower, and

more of the Mormon crickets survived the application. At

21 days, PO levels remained higher in Beauveria-treated

Mormon crickets relative to controls. We did not observe a

difference in PO levels between the sexes for either controls

or those that survived fungal application. Surprisingly, PO
titres of Beauveria-treated survivors were independent of the

dose applied.
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log PO

| Infected

I I Clear

Figure 3: Phenoloxidase (PO) activity of survivors with fungal cells

visible in their hemolymph (infected) and that of survivors with

clear hemolymph. Inset: dark brown adult female Mormon cricket

with white Beauveria sporulating on its cuticle.

Total circulating protein concentrations did not differ

between treatments in males or females. In Melanoplus

sanguinipes, protein concentrations of males and females

peaked 30% above that of controls within three days of

infection, but returned to the same level as controls by day

five post infection [11].

The second replicate had higher PO, lysozyme, and total

protein titers than the first. Adults were collected from the

same location on the same day and treated only a day apart to

make replicates as similar as possible, and thus the reason for

these differences is not known. Body mass of individuals did

not differ significantly between control groups (

n

= 20, P =

.38), and so individuals in the second replicate were probably

in no better overall condition to defend against the fungus

than the first. Indeed, the average mass of the first replicate

was 6% greater than that of the second replicate—the

opposite ofwhat one would expect if condition were a factor.

Beauveria-treated individuals lost on average 17% of

their mass relative to controls. Reduced food consumption

is the most likely cause. Schistocerca gregaria eats less when
infected with Metarhizium [15], and Manduca sexta stops

feeding altogether [16]. However, an increase in metabolism

with infection could also increase mass loss. Metabolic rate

might increase because the Mormon cricket is fending off

the infection or as a result of the contribution of the growing

fungus. Reduced nutrient absorption from the gut or greater

water loss might also contribute to mass loss and warrant

further study.

PO activity of survivors with fungal cells visible in their

hemolymph did not differ significantly from those with clear

hemolymph (n = 57 fungus absent, n - 9 fungus present,

Welch ANOVA F = 0.06, d.f. = 1, 9, P = .81, Figure 3).

We conclude that circulating PO may be an important

enzymatic defense against Beauveria infection and that it is

associated with attempted clearing of Beauveria blastospores

and hyphae from the hemolymph ofMormon crickets.

Beauveria bassiana infection did not affect lysozyme

activity in the Mormon crickets. Hence, elevation of PO did

not result in an elevation of antibacterial activity in an all-

or-none manner. Lysozyme activity declined with Beauveria

infection in the desert locust Schistocerca gregaria [10] but

remained unchanged in the army cutworm Spodoptera exigua

[13].

In some Mormon cricket bands, migrating individuals

seek protein [3], and protein ingestion is associated with

an increase in PO activity [17]. Thus, protein deficiency

evident in migratory bands is also likely to result in greater

susceptibility to and more efficacious application of B.

bassiana GHA.
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The responses of adult solitarious desert locust to odors from a host plant were evaluated in a two-choice wind tunnel. Solitarious

desert locusts collected from the held (Red Sea Coast) were more attracted to volatiles from potted Heliotropium ovalifolium in

scotophase than in photophase. The attraction towards the host plant odors rather than to clean air, in both photophase and

scotophase, concurs with previous observations on oviposition preferences near these plants. Diel behavioral activity patterns of

adult solitarious desert locusts Schistocerca gregaria (Forskal) that were collected from the held in Port Sudan were investigated by

monitoring, scanning, resting, taking off, and walking/running in a wind tunnel. Solitarious locusts that had been propagated in

the laboratory for 20 generations were also observed for comparison. In both groups of locusts, insects were signihcantly more

active after sunset and this activity attained peak level at 1-2 hours after dusk. Of the two groups, solitarious locusts collected

from the held were signihcantly more active. In the scotophase, the former traversed distances that were about seven times those

covered by laboratory-reared locusts. Overall, the results show that the repertoire of behavioral activities of solitarious locusts is

maintained in laboratory-reared insects, albeit at a lower level. The implications of these observations in the behavioral ecology of

the desert locust are discussed.

1. Introduction

Among the two phases (solitarious and gregarious) of

the desert locust, Schistocerca gregaria (Forskal), the active

solitarious locusts are primarily present during long drought

periods and are mainly confined to some patchy habitats of

the arid areas in the Sahel [1, 2]. A number of held observa-

tions on solitarious locusts suggest nocturnal behavior of this

phase of the insect. They have been reported to be cryptic

during the day, spending more time either resting on the

ground or roosting within bushes and only fly when they

are disturbed or flushed [3]. On the other hand, in warm
weather, they have been reported to start flying after dusk

and continue being active during the early part of the night

[4]. These night flights sometimes culminate into migrations

of the solitarious locusts into distant habitats in swarms, like

their gregarious counterparts, leading to unexpected locust

infestations, and it has been suggested that they can fly

distances of up to 1000 km [5-9]. There are also reports on

seasonal movements of solitarious locusts between summer
breeding areas in the Sahelian zone and winter-spring

breeding habitats in the southern and central Sahara [10-

15]. More recently, Riley and Reynolds [16] made an attempt

to monitor migrating solitarious individuals flying at high

altitudes at night using vertical-looking radar (VLR).

Flost plants contribute significantly to locust and

grasshopper dynamics because of dietary relationship

between preferred host plants and grasshopper survival,
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growth, and reproductive performance [17]. Moreover,

preference for specific desert plants for oviposition is

envisaged to play a significant role in initiating congre-

gation of scattered solitarious locusts in the field [4, 18-

21 ].

However, no definitive studies associated with the diel

behavioral patterns of solitarious desert locusts have been

reported, unlike gregarious locusts on which extensive

information is available. Methodical attempts to address

this gap are an important prerequisite for understanding

the behavioral and population dynamics of the solitarious

phase and, therefore, the subtleties that underlie the phase

dynamics of the insect.

In the present study, we examined the behavioral re-

sponses (scanning, resting/walking/running, flying attempts,

and distance moved) of field caught solitarious desert locusts

that were exposed to odor plumes originating from potted

Heliotropium ovalifolium during photophase and scotophase

(artificially induced). The activity patterns of these insects

were also monitored in detail in the laboratory. For com-

parison, we also studied the behavioral patterns of isolated

locusts that had been reared in our laboratory for many
generations.

2. Materials and Methods

2.1. Insects. Solitarious desert locusts aged between 3 and 4

weeks old were collected from the field around the Tokkar

Delta on the Red Sea Coast of Sudan. Each locust was kept

isolated in a 1L ice cream cup for about one week to adapt

to the laboratory conditions prior to carrying out the obser-

vations. Each cup was ventilated through a small window
in the lid that was covered with a piece of fine gauze. For

comparison, 24-day-old solitary-reared locusts that had been

kept in the laboratory for 20 generations (corresponding to

five years) and fed on a mixture of desert plants at the ICIPE

field station, Port Sudan were used. Both groups of locusts

were kept in a room maintained at the ambient temperature

and humidity and a 12L : 12D photoperiod which is roughly

the same as in natural conditions at Port Sudan.

2.2. Wind Tunnel. The behavior of locusts was observed in a

rectangular flat-bed wind tunnel (110 X 40 x 40 cm) made
of clear Plexiglas for easy observation and to minimize the

tendency of insects to climb up the walls (Figure 1 ) . The wind

tunnel had two openings (15 cm X 15 cm) with covers on

the top side for the placement or removal of locusts. At the

bottom of each end, a rectangular opening (25 cm X 2 cm)

which was covered with a black muslin cloth formed the air

inlet. Air was drawn into the wind tunnel and cleaned using

activated charcoal (granular, 4-14 mesh; Sigma Chemical

Co.) filters that lined up the air inlets. Subsequent extraction

of the air was through a central port (10 cm X 2 cm) in the

floor of the wind tunnel that was connected to an exhaust

fan via a duct. The air speed recorded 1-2 cm above the

floor ofthe wind tunnel during observations was 15-20 cm/s.

When using potted plants (Heliotropium ovalifolium), small

chambers (25cmW X 2 cm H X 5cmL) were replaced by

bigger chambers (25 X 25 X 25 cm) that could fit the potted

plant (Figure 1). Plants were hidden from insects tested by

black sugar paper.
2.3.

Behavioral Assays. Observations were carried out during

photophase (10:00 h-16:00h) and after sunset during sco-

tophase (19:00 h-23:00 h) in Port Sudan. In experiments that

were carried out in photophase, five 60-watt bulbs placed

one meter directly above the wind tunnel illuminated the

experimental section and there were no other sources of

light in the room. An electric fan heater with a thermostat

maintained the room temperature at a level similar to that

recorded outdoors in sunshine (31.7 ± 3°C) during the

day and 27.3 ± 1.2°C at night. The relative humidity was

55.1 ± 1.5% and 65.0 ± 3.9%, respectively. At the end of

the day, the fan heater was switched off one hour earlier

after opening windows of the bioassay room to allow for the

equilibration ofthe indoor temperature with the one outside.

Lights were also switched off and observations carried out

with the aid ofan Infrared Find-R scope viewing device (FJW
Optical Systems Inc., USA). An additional 5-watt red lamp

was placed over the wind tunnel to moderate the darkness in

the room.

A solitarious male or female locust was held in a small

perforated Plexiglas cage (10 cm X 4 cm X 4 cm) that had

no base placed over the wire mesh covering the central

exhaust port on the floor of the tunnel (Figure 1). The

holding cage had a nylon string (4mm thick) attached to

the top and running through a small hole (5 mm diameter)

in the top of the wind tunnel. The test insect was held

under the cage for 2-3 minutes to allow it to acclimatize

and the air evacuation system was switched on prior to

starting the observations. To release the insect, the holding

cage was pulled up and secured using the nylon string and

the locust was then free to move toward the middle of

the wind tunnel. The following behaviors of each locust

from the two groups were monitored by the same person

over the subsequent 30 minutes: (i) scanning—movement
of the front part of the body from side to side (^4-6°

displacement) with the body anchored by the abdominal tip

(these movements have been suggested to be important in

estimating the distance to the nearest visible object in the

insect’s field of vision [22-24]); (ii) flight attempts—these

were vigorous jumps that were presumed to represent onset

of flight that was, however, curtailed by the walls of the

wind tunnel; (iii) walking and the distance traversed—no

attempt was made to evaluate the speed of the movement;

(iv) resting—characterized by a locust that did not change

position for 5 seconds or more; (v) mean distance traversed

towards the plant source when potted H. ovalifolium was

included. The data were recorded as either the proportion of

insects performing a given behavior and/or the frequency of

occurrence of the behavior. Each locust was tested only once

and 40 males and 40 females of each group were observed

(laboratoryreared and field-collected locusts). Occurrence

of the behaviors and their frequencies were recorded using

The Observer 3.0 (Noldus Information Technology BV.

Wageningen, Netherlands).
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Figure 1: Diagram of the flat-bed wind tunnel used for testing plant volatiles, (a) Side view of the full length, (b) Top view. 1) Exhaust fan;

2) Cylindrical duct; 3) Wind tunnel chamber (transparent perpex); 4) Test insect holding box; 5) Doors for introduction and collection of

insects; 6) Cord for pulling the insect box up; 7) Section for holding plant; 8) Potted desert plant; 9) activated charcoal filter; 10) wire mesh

strip for air outlet; 11) wire mesh strip for air inlets; 12) Fan speed controller.

Table 1: Comparison of overall means (±SE) frequencies of walking, scanning, and jumping per insect for locusts caught from field in

presence and absence ofhost plant {Heliotropium sp.) stimulus in photo- and scotophase. N = 80 insects used for each of the three behaviors.

Behavioral activity (frequency of occurrence/insect)

Scanning Jumping Walking

Sex Stimuli Photophase Scotophase Photophase Scotophase Photophase Scotophase

Males None 25.7 ± 2.4
a

47.5 ± 3.4
ab

4.5 ± l.l
a

15.3 ± 2.8
a

21.8 ± 2.3
a

43.3 ± 2.9
a

Females None 20.5 ± 1.6
ab

39.9 ± 3.4
a

1.8 ± 0.7
b

4.4 ± 1.4
C

16.9 ± 1.5
bc

37.0 ± 3.0
ab

Males Host plant 30.9 ± 4.5
a

45.9 ± 3.8
ab

4.9 ± 1.2
a

26.2 ± 4.3
b

37.9 ± 5.2
b

47.9 ± 4.8
a

Females Host plant 23.2 ± 4.3
b

52.1 ±4.8b
3.9 ± l.l

ab
3.4 ± 0.7

C
15.8 ±2.8° 32.8 ±4.

7

b

Means with the same superscript letter in each column for each behavior are not significantly different (LSD test, P < .05).

2.4. Statistical Analysis. Data were analyzed using SAS (SAS

Institute Inc., V 8.02, Cary, North Carolina, USA). For

the wind tunnel experiments, separation of means of the

frequencies of the behaviors studied between the laboratory-

reared and field-collected solitarious locusts was carried

out using Least Significance Difference (LSD) test for equal

replications (P < .05). Student-Newman-Keuls multiple

range test at P < .05 was used to analyze behavioral activity of

solitarious locusts from the field. Tukey’s studentized range

test, at P < .05, was used to compare distance traversed

by locusts during photo- and scotophases. The comparative

behavior of lab and field locusts was analyzed using Student-

Neuman-Kuels multiple range test, P < .05. The Student’s t-

test was used to evaluate differences between photophase and

scotophase while the y
2
test was applied to determine the sig-

nificance in the proportion of insects attempting to take off.

3. Results

3. 1 . Behavior ofSolitarious Locustsfrom the Field in Presence of

Potted Host Plant. Males showed significantly more activity

in the presence of host plant odors during scotophase relative

to photophase compared to females, which showed less

activity (Table 1, Figure 5). The mean distance traversed and

the proportion of males and females that reached the target

were recorded (Table 2); both sexes traversed significantly

greater distance toward the source of stimulus compared

to the clean air side and a significant proportion of these

reached the source (Table 2).

3.2. General Behavioral Activity ofSolitarious Locusts from the

Field. Solitarious locusts that had been caught from the field

and kept under laboratory conditions for a week were mainly

more active after dusk than during the day or later hours in

the night. After dusk, there was a considerable increase in

the frequency of scanning, jumping, and walking for both

male and female locusts within the first two hours after

sunset and a subsequent decline in the activity of the insects

(Figures 2(a)-2(c), 3(a)—3(c)). In photophase, most of the

insects remained static or executed very limited movement
(Figures 2(a)-2(c), 3(a)-3(c)). This is also reflected by the

distance traversed by the insects which was highly significant

(Tukey’s studentized range test, P < .05) after dusk than in

photophase (Figure 4(a)).

However, there was a notable difference between male

and female locusts with the males having significantly higher

(Tukey’s test, P < .05) activity than the females at night.

Furthermore, ca. 74% of the locusts attempted to take off

within the first 5 minutes of the 30 min observation period

after dusk. This was significantly higher {y
1 = 30.66, P <

.0001) than in photophase, during which only 30% of the

insects made the attempts over a similar period (Figure 4(b)).

Furthermore, some locusts did not attempt to take off

at all during the observation period. Only 12.5% of the

insects failed to take off during night observations while a
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Figure 2: Activity ofmature field-collected ((a)-(c)) and laboratory-reared ((d)-(f)) solitarious males. Bars represent standard errors (±SE);

N = 80 insects used for each of the three behaviors.
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Figure 3: Activity of mature field-collected ((a)-(c)) and laboratory-reared ((d)-(f)) solitarious females. Bars represent standard errors

(±SE); N = 80 insects used for each of the three behaviors.
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Figure 4: (a), Mean distance traversed by locusts during the 30 min observation period. Columns marked with different letters are

significantly different (P < .05, Tukey’s studentized range test), (b), proportion of insects that took off within the first 5 min of observation

and (c), those that did not take off during the observation period.

Table 2: Comparison of the distance traversed and numbers that reached the host plant (Heliotropium sp.) stimulus in photophase and

scotophase. N = 80 insects used for each of the three behaviors.

Mean distance traversed towards the host plant (cm)
x Numbers reached the host plant source (%)y

Sex Photophase Scotophase Photophase Scotophase

Males 26.5 ± 3.2
bc

41.0 ± 2.3
a

35.0 60.0*

Females 24.8 ± 3.2
C

36.0 ± 3.3
ab

32.5 57.5*

xMeans with the same superscript letter are not significantly different (LSD test, P < .05).

^Difference between photophase and scotophase activity for each sex in a group of locusts: * significant at P < .05 (t-test).
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Figure 5: Difference between photophase and scotophase activities of mature field-collected solitarious locusts. Bars represent standard

errors (±SE); N = 80 insects used for each of the three behaviors. Student’s t test (*** = significant at P < .001; ** = significant at P < .01;
*

= significant at P < .05; ns = not significant P > .05).

significantly higher (^
2 = 16.82; P < .0001) proportion

(«41%) was recorded during photophase (Figure 4(c)).

3.3. Comparative Behavior of Laboratory-Reared Locusts.

Solitarious locusts that had been kept in our laboratory’s

rearing unit for 20 generations had similar behavioral

patterns to those of locusts collected from the field but the

activity levels were much lower. In addition, the behavioral

patterns ofmale and female laboratory locusts in photophase

and after dusk were very similar (Figures 2(d)-2(f), 3(d)-

3(f)). Frequencies of the behaviors monitored (scanning,

jumping and walking) and the distance moved were

significantly higher at the onset of dusk (especially the first

two hours after sunset) than during daytime. The locusts

also traversed significantly longer (Tukey’s studentized range

test, P < .05) distance after dusk (Figure 4(a)). In addition,

a significantly higher (y
2 = 28.6; P < .001) proportion

(«54%) of the locusts attempted to take off in the first five

minutes of the observation period compared to 14% in

photophase (Figure 4(b)). Furthermore, throughout the

observation period, 52% of the locusts did not take off

during the day while only 20% (y
2 = 8.35; P < .01) failed to

take off after dusk (Figure 4(c)). Thus, behavioral patterns of

the two groups of solitarious insects were similar, although

both male and female locusts caught from the field were

significantly more active (Tukey’s studentized range test,

P < .05) and traversed about seven times the distance covered

by the laboratory-reared insects after dusk (Figure 4(a)).
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4. Discussion

In order to obtain a better understanding of the behav-

ior and biology of Schistocerca gregaria populations, it is

important to understand their interactions with host plants

and their habitats. Kairomones are interspecific chemical

cues, which may mediate host plant seeking and host

acceptance behavior by locusts; they may also play a role

in physiological predisposition of solitarious locusts to the

gregarious phase [25]. Two groups of kairomones may
influence the behavior of locusts; odors of host plants which

play a role in the location of food [25, 26], and nonvolatile

allelochemics involved in food selection [27].Observations

on field-collected solitarious locusts in the present study

confirm that both sexes of this phase are attracted to volatiles

emanating from H. ovalifolium, previously shown to be a

preferred plant for oviposition and feeding by solitarious

phase desert locusts in the field [19, 20]. However, the

response of the insect was much more pronounced in the

scotophase.

Diel periodicity in the behavior of some species of

acridids has been observed in the field [4, 7, 11, 28, 29], but

no detailed laboratory or field studies have been carried out.

The present results from our laboratory observations show

that solitarious desert locusts, S. gregaria, are more active

after dusk than during daytime. The results also conform to

the documented field observations that solitarious locusts are

largely immobile throughout the day and only start flying

after sunset [3]. The low frequencies of walking (and the

distance traversed) and attempts to take offby both male and

female locusts at daytime reflect the inactivity of solitarious

locusts during the day. In the field, solitarious locusts start

taking off 20-30 minutes after sunset. The flight activity

reaches peak and then declines within the next 3 hrs [4, 7,

9, 1 1, 28, 29]. What triggers the onset of the high behavioral

activity of the solitarious locusts after sunset? M.A. Volkon-

sky and M.T. Volkonsky [12] and Waloff [8] suggested that it

may be induced by the sudden drop in light intensity. Roffey

[9] observed that solitarious locusts apparently started taking

off without any prior disturbance at evenings when the light

intensity decreased from 400 to 3.5 lux. The compound
eyes of solitarious locusts are structurally suitable for vision

under subdued light and are sensitive to movements rather

than sharp images [30]. Thus, solitarious adult locusts would

be expected to be less active in bright sunlight during the

daytime as opposed to their gregarious counterparts whose

compound eyes are suited for diurnal vision. In daytime,

solitarious locusts spend most of the time either resting

on the ground or roosting within plant bushes [3]. Low
behavioral activity during daytime may also aid crypsis

which is adaptively used by solitarious desert locusts to min-

imize predatory pressure by birds, which are mainly daytime

hunters [3]. Birds are the major predators of desert locusts,

both the adults in swarms and nymphs in hopper bands.

In the wind tunnel observations carried out after sun-

set, locusts scanned their field of vision and walked at

significantly higher frequencies than during the day. Take-

off attempts were also more frequent, in particular during

the first two hours of the night although this activity was

significantly higher throughout the night observation period

than in daytime. While the diel behavioral patterns in the

two groups of locusts were similar, locusts collected from

the field were overall more active than those maintained in

the rearing facility. These differences may be due to a set

of interacting internal factors such as muscle development

and the levels of energy reserves in individual insects [31].

These may in turn be dependent on the rearing conditions

and other external factors that the locusts are exposed to. For

example, in the laboratory, confinement in small cages used

for rearing isolated locusts limits their walking movements

and makes them unable to execute any flights. This might

stress the insects and may lead to underdevelopment of flight

muscles in the insects as opposed to their field counterparts

that undertake short distance and migratory flights [5-9].

In addition, environmental factors such as temperature and

relative humidity under which the locusts are reared and kept

may also play a role. In the laboratory, locusts are generally

reared under constant controlled temperatures while in

the field they are exposed to fluctuating temperatures and

humidity [32]. In the field, large-scale night flights have been

observed to occur when air temperatures are equal to or

greater than 24°C [5, 10]. Another external factor which

may influence the level of behavioral activity of the locusts

is food quality which largely determines their energy reserves

necessary for flight and other behaviors [31].

In conclusion, the results of this study confirm previous

field observations that solitarious desert locusts are more

behaviorally active after onset of dusk than during day.

This is manifested as short distance and migratory flights

in the field after sunset. While the diel behavioral patterns

are preserved in the laboratory-reared solitarious locusts, it

was evident that there is a significant decline in the levels

of behavioral activities after several generations. We suggest

that, where possible, insects freshly caught from the field

are most suitable for use in bioassays aimed at evaluating

and understanding various behaviors of the solitarious desert

locust.
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Climate is the dominant factor determining the distribution and abundance of most insect species. In recent years, the issue of

climatic changes caused by human activities and the effects on agriculture has raised concern. General circulation model scenarios

were applied to a bioclimatic model ofMelanoplus sanguinipes to assess the potential impact of global warming on its distribution

and relative abundance. Native to North America and widely distributed, M. sanguinipes is one of the grasshopper species of the

continent most responsible for economic damage to grain, oilseed, pulse, and forage crops. Compared to predicted range and

distribution under current climate conditions, model results indicated thatM sanguinipes would have increased range and relative

abundance under the three general circulation model scenarios in more northern regions of North America. Conversely, model

output predicted that the range of this crop pest could contract in regions where climate conditions became limiting.

1. Introduction

Climate is the dominant factor determining the distribution

and abundance of most insect species [1]. The issue of

climatic changes caused by human activities and the effects

on agriculture has raised concern in recent years. The overall

global temperature has increased 0.7°C over the last 100

years, with the 1990’s being the warmest decade on record

[2]

. Climate change scenarios using low greenhouse gas

emissions suggest that temperatures will increase by 1-3°C

over the next 100 years and temperatures have been predicted

to increase by 3.5-7. 5°C for scenarios with high gas emission

[3]

. However, Walther et al. [4] suggest that species respond

to regional changes that are highly heterogeneous and not

to approximated global averages. Many species have already

responded to regional conditions that have occurred during

the 20th century. In a study of 694 animal and plant species,

Root et al. [5] investigated the change in timing of events

over the past 50 years and reported that changes in timing of

spring events (breeding, blooming) occurred 5.1 days earlier

per decade. Warming conditions may impact grasshopper

populations by extending the growing season, altering the

timing of emergence from overwintering sites, increasing

growth and development rates, shorting generation times,

increasing the numbers of eggs laid, and changing their

geographic distribution [6, 7].

Analogue scenarios which make use of existing climate

data are useful to identify geographic regions that may be

susceptible to establishment of insects, when comparing the

results of climate change scenarios to those regions where

the species in question is already established [8]. However,

the magnitude of predicted temperature change associated

with climate change is not within the historical experience

of modern agriculture. Hence, it is unlikely that we can use

historical data as analogues to predict the impact of climate

change on pest species. As a result, simulation models have

been used to assess impact and related system vulnerability

due to climate change.
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Table 1: CLIMEX parameter values used to predict potential distribution and relative abundance of Melanoplus sanguinipes in North

America.

CLIMEX growth parameters

Temperature

DV0 Limiting low average weekly temperature 10.0°C

DV1 Lower optimal average weekly minimum temperature 16.0°C

DV2 Upper optimal average weekly maximum temperature 28.0°C

DV3 Limiting high average weekly maximum temperature 32.0°C

Moisture

SM0 Limiting low soil moisture 0.02

SMI Lower optimal soil moisture 0.05

SM2 Upper optimal soil moisture 0.30

SM3 Limiting high soil moisture 0.70

Diapause

DPD0 Diapause induction day length 11 h

DPT0 Diapause induction temperature (average weekly minimum) 11.0°C

DPD1 Diapause termination temperature (average weekly minimum) 3.0°C

DPD Diapause development days 120

DPSW Summer or winter diapause 0

CLIMEX Stress Parameters:

Cold stress

TTCS Cold stress threshold (average weekly minimum temperature) -18.0°C

THCS Rate of cold stress accumulation -0.0004

Heat stress

TTHS Heat stress threshold (mean weekly maximum temperature) 35.0°C

THHS Rate of heat stress accumulation 0.008

Dry stress

SMDS Dry stress threshold (mean weekly minimum soil moisture) 0.020

HDS Rate of dry stress accumulation -0.003

Wet stress

SMWS Wet stress threshold (mean weekly maximum soil moisture) 0.7

HWS Rate ofwet stress accumulation 0.001

Bioclimate simulation models have been used success-

fully to predict the distribution and extent of insect estab-

lishment in new environments [9-12]. Bioclimatic modeling

software, such as CLIMEX, enables the development of

models that describe the potential distribution and relative

abundance of a species based on climate [1, 13]. CLIMEX
derives an Ecoclimatic Index (El) which describes the

suitability of specific locations for species survival and

reproduction. Model parameters include temperature (TI),

diapause (DI), light (LI), moisture (MI), heat stress (HS),

cold stress (CS), wet stress (WS), and dry stress (DS). The

El values are obtained by combining a Growth Index (GI)

with stress indices (dry, wet, cold, and hot) that describe

conditions that are unfavourable for growth.

Native to North America and widely distributed,

Melanoplus sanguinipes (Fabricius) (Orthoptera: Acrididae)

is responsible for more economic damage to grain, oilseed,

pulse, and forage crops than any other grasshopper species

[14-16]. A bioclimate model was developed to predict the

potential distribution and relative abundance of M. san-

guinipes, within Canada [17]. Ecological sensitivity analyses

were then conducted using incremental scenarios for all

combinations of temperature (0, +1, +2, +3, +4, +5, +6,

and +7°C of climate normal temperature for each grid)

and of precipitation (-60%, -40%, -20%, -10%, 0%,

10%, 20%, 40%, 60% of climate normal precipitation for

each grid). Compared to predicted range and distribution

under current climate conditions, model results indicated

that AL. sanguinipes would have increased range and relative

abundance for temperature increases between 1°C and 7°C.

The model predicted that the range of this crop pest could

be extended to regions that are not currently used for

agricultural production in North America. Mika et al. [18]

stated that at an ecosystem level, climatic variables will

vary both spatially and temporally. Therefore, they suggested

that the widely accepted and more commonly used general

circulation models (GCMs) should be used in conjunction

with bioclimate models, rather than incremental scenarios.

Further, they encouraged the application of multiple GCMs
due to the variability of climate projections between models.

The objective of this study was to use the bioclimate

model for M. sanguinipes [17] to assess the impact of three
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Table 2: Baseline(CRU) and general circulation model (NCAR273 CCSM, MIROC-H, CSIRO MARK 3.0) scenarios and resulting

Ecoclimatic Inex (El), temperature (TI), moisture (MI), diapause (DI), growth index (GI), cold stress (CS), heat stress (HS), number of

weeks GI was positive (Weeks GI Positive), and core distribution, for Melanoplus sanguinipes at six locations.

Location Scenario El TI MI DI GI CS HS Weeks GI

positive

Core

distribution

Fairbanks, AK NCAR273 CCSM 20.1 22.3 83.2 38.5 20.7 2.9 0 18.2 97

CSIRO MARK 3.0 18.3 22.9 83.2 40.1 20.9 12.7 0 18 87.1

MIROC-H 18.2 21.5 87.3 37.7 20 8.6 0 17.1 91.3

CRU 5.4 12 88.6 33.1 11.1 54.2 0 13.9 45.7

Peace River, AB NCAR273 CCSM 23.8 34.2 71.9 42.1 23.8 0 0 20.7 97.3

CSIRO MARK 3.0 29.2 33.2 77.9 43.4 29.4 0.1 0 22.4 98.8

MIROC-H 25 30.2 79.5 41.3 25 0 0 21.2 98.6

CRU 14.7 21.8 80.2 36.9 16.5 9.6 0 19 87.9

Saskatoon, SK NCAR273 CCSM 34.9 37.8 92.3 45.6 34.9 0 0 23.8 100

CSIRO MARK 3.0 36.3 37.5 94.3 46.5 36.3 0 0 24.2 100

MIROC-H 35.2 36.6 91.7 44.6 35.2 0 0 23.3 100

CRU 26.7 30.7 96.1 41.8 28.8 8.2 0 21.8 91.8

Gillette, WY NCAR273 CCSM 24.4 29.9 96.9 48.8 24.4 0 0 19.7 100

CSIRO MARK 3.0 24.1 30.1 98.2 50.2 24.9 0 3.9 18.3 96.1

MIROC-H 24.9 30.4 95.8 47.1 24.9 0 0 20 100

CRU 31.7 35.2 98.5 44 31.7 0 0 23 100

Lincoln, NE NCAR273 CCSM 10.8 31.6 64 55.8 11.3 0 2.6 14.4 95.9

CSIRO MARK 3.0 12.2 28.6 91.7 57.2 18.8 0 40.8 16.7 65.7

MIROC-H 15.9 30.3 77.6 54.5 16.3 0 1.9 18.8 98.1

CRU 21.3 39 70.3 52.5 21.3 0 0 24.3 100

Lubbock, TX NCAR273 CCSM 14.1 37.4 96.2 43.7 18.1 0 50.1 13.8 58.3

CSIRO MARK 3.0 5.2 34.8 98.6 44.2 15.5 0 167.7 11.5 21

MIROC-H 9.5 33.9 97.5 47.3 17.9 0 95 13.4 40.2

CRU 30.6 39.3 98.7 57.1 31.1 0 1.6 22.1 98.4

general circulation models on population distribution and

relative abundance across North America.

2. Methods

The bioclimatic model for M. sanguinipes, developed using

CLIMEX 2.0 [19], has been previously described [17].

CLIMEX is a dynamic model that integrates the weekly

responses of a population to climate using a series of annual

indices. It uses an annual Growth Index to describe the

potential for population growth as a function of soil moisture

and temperature during favourable conditions, and Stress

Indices (cold, wet, hot, and dry) to determine the effect of

abiotic stress on survival in unfavourable conditions. The

weekly Growth Index is a function of temperature (TI), dia-

pause (DI), and moisture (MI). The growth and stress indices

are calculated weekly and then combined into an overall

annual index of climatic suitability, the Ecoclimatic Index

(El), that ranges from 0 for locations at which the species

is not able to persist to 100 for locations that are optimal for

the species [17]. Model parameter values are listed in Table 1

.

Initial parameter values were obtained from published

papers. Model parameters were then adjusted to ensure

that El > 30 in geographical regions historically affected

by M. sanguinipes, indicating that climatic conditions were

favorable for development of densities associated with crop

loss. Historical grasshopper population data were used for

model validation. Annual surveys of abundance of adult

grasshoppers have been conducted in Saskatchewan since

1931 [20]. Relative abundance was validated by comparison

with adult grasshopper survey data from Saskatchewan over

the period of 1970 to 2004 [17]. The model was tested by

comparing the occurrence of observed life history events

against those predicted by the model.

Climate change projections were obtained from the

Intergovernmental Panel on Climate Change [21 ]
as monthly

means for three GCMs, based on current climate, 30 yr aver-

age (1961-1990) dataset (A1B emission scenario) (CRU

—

Climate Research Unit, East Anglia, UK). The three GCMs
selected were CSIRO Mark 3.0 (CSIRO, Australia), NCAR273
CCSM (National Centre for Atmospheric Research, USA),

and MIROC-H (Centre for Climate Research, Japan). All

three had relatively small horizontal grid spacing and

the requisite climatic variables at a temporal resolution

appropriate for CLIMEX. The data were pattern-scaled to

develop individual change scenarios relative to the base
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Figure 1: Predicted distribution and abundance (El) of Melanoplus sanguinipes for current climate (CRU) at six regions: (A) Lubbock, TX;

(B) Lincoln, NE; (C) Gillette, WY; (D) Saskatoon, SK; (E) Peace River, AB; (F) Fairbanks, AK. Green = “Unfavourable” (El = 0-5); Tan =

“Suitable” (El = 5-20); Orange = “Favourable” (El = 20-30); Red = “Very Favourable” (El > 30).

climatology [22]. The three models cover a range of climate

sensitivity, defined as the amount of global warming for a

doubling of the atmospheric CO2 concentration compared

with 1990 levels [23]. The respective sensitivities are: CSIRO
Mark 3.0 (2.11°C), NCAR-CCSM (2.47°C), and MIROC-H
(4.13°C).

The resulting database was queried to analyze data at

a regional scale. A geographic rectangle, 4° latitude by
7° longitude, was used to delineate a regional template.

The defined region was approximately the size and shape

of Colorado (270,000 km2
) and, for each of the datasets,

consists of 112 grid cells. Specific regions, based on lati-

tude and longitude coordinates, were defined and output

(averaged across the region) was generated for detailed

analysis. The datasets permitted comparison of variables,

both spatially and temporally (weekly intervals). Analyses

were based on values centered on six locations includ-

ing Lubbock, Texas (33.6°N, 101. 9°W), Gillette, Wyoming
(44.3°N, 105.5°W), Lincoln, Nebraska (40.9°N, 96.7°W),

Saskatoon, Saskatchewan (52.1°N, 106.6°W), Peace River,

Alberta (56.2°N, 117.3°W), and Fairbanks, Alaska (64.8°N,

147.7°W).

Contour maps were generated by importing El values

into geographic information system software, ArcView 8.1

[24]. Final El values were displayed in the four categories

defined above: “Unfavourable,” “Suitable;” “Favourable;”

and “Very Favourable.”

3. Results and Discussion

Comparisons were made to determine if differences in

baseline climate data would result in differences in output.

The New et al. [25] climate data represents a splined 0.5°

world grid dataset. The El output the baseline CRU data

agreed with that produced using the New et al. [25] climate

data set in Olfert and Weiss [17]. Initially, there appeared

to be some differences in model output between the two

approaches for Peace River and Saskatoon (Table 2). Olfert

and Weiss [17] reported that the El values for Peace River and

Saskatoon were 24 and 30, respectively. This study showed

that El values for Peace River and Saskatoon were 14.7

and 26.7 (Table 2). These differences occurred because the

original paper reported values for single grid cells. However,

the current analysis was based on averages across large

regions that are composed of 1 12 grid cells. When single grid

cells for Peace River and Saskatoon were examined in the

current study, it was found that El values were indeed 24 and

30.

Results, based on the CRU data for current climate, indi-

cated that M. sanguinipes would have highest El values across
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Figure 2: Predicted distribution and abundance (El) of Melanoplus sanguinipes for 2080 (CSIRO MARK 3.0) at six regions: (A) Lubbock,

TX; (B) Lincoln, NE; (C) Gillette, WY; (D) Saskatoon, SK; (E) Peace River, AB; (F) Fairbanks, AK. Green = “Unfavourable” (El = 0-5); Tan
= “Suitable” (El = 5-20); Orange = “Favourable” (El = 20-30); Red = “Very Favourable” (El > 30).

most of the Great Plains of North America, extending from

northern Texas to southern Saskatchewan (Figure 1). These

results agreed with the distribution of M. sanguinipes as

described by Riegert [20] and Pfadt [26]. Compared to these

results, each of the three GCMs resulted in large differences

for most model parameters, particularly El (Figures 2-4;

Table 2). Across North America, the overall mean El values

were 4.9 (CRU), 7.5 (CSIRO MARK 3.0), 7.9 (MIROC-H),
and 7.3 (NCAR273 CCSM). Olfert and Weiss [17] grouped

ecoclimatic indices into four categories: “Unfavourable” (El

= 0-5), “Suitable” (El = 5-20), “Favourable” (El = 20-30),

and “Very Favourable” (El > 30). Unfavourable described

regions where M. sanguinipes would be very rare or may
not occur; “Suitable” defined areas were grasshoppers would

occur, usually in low densities; “Favourable” defined areas

were densities could be high enough to result in crop

loss; “Very Favourable” defined areas where grasshoppers

regularly occur in high enough densities that result in crop

loss. Based on this study, the extent of the area predicted

to be “Very Favourable” were 11.2% (CRU), 16.2% (CSIRO

MARK 3.0), 16.2% (MIROC-H), and 18.1% (NCAR273
CCSM) ofNorth America.

Species are more vulnerable to variations in temperature

and precipitation when located near the outer limits of their

geographic range than when located in the core area of the

range. Sutherst et al. [19] defined a core area as a region

with high El values and little or no stress. Populations near

the outer limits of the core area spend a greater amount
of time in climates that are marginally suitable (exposed to

climatic stress), while populations near the core experience

a greater amount of time in favourable conditions (minimal

exposure to climatic stress). In this study, El values tended

to increase in a northwestern direction and decrease for

southern locations when the three GCMs were applied to

the bioclimate model for M. sanguinipes. The percent of

area (on a regional basis) with El > 20 varied across North

America. For example, under current climate conditions

(CRU), the model predicted that 0% of the Fairbanks region

had El > 20 (Table 3). This value increased to as much as

57% of the area under conditions predicted by NCAR273
CCSM. As a result, the increase in the biological suitability

of Fairbanks, AK, due to climate change was predicted to

be similar to that of Lincoln, NE, under current climate

conditions (CRU). In turn, the model predicted that the area

surrounding Lincoln, NE, where El > 20 would decrease to

6.3% (NCAR273 CCSM), compared to 59.8% under current

climate conditions (CRU).

As indicated, there were regional differences across

North America in output of the bioclimate model for M.

sanguinipes when the three different GCMs were applied

(Figures 2-4). The application of CSIRO MARK 3.0 climate

data resulted in a northward shift of areas predicted to have
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Figure 3: Predicted distribution and abundance (El) of Melanoplus sanguinipes for 2080 (MIROC-H) at six regions: (A) Lubbock, TX;

(B) Lincoln, NE; (C) Gillette, WY; (D) Saskatoon, SK; (E) Peace River, AB; (F) Fairbanks, AK. Green = “Unfavourable” (El = 0-5); Tan =

“Suitable” (El = 5-20); Orange = “Favourable” (El = 20-30); Red = “Very Favourable” (El > 30).

reduced suitability for grasshopper populations within the

southern Great Plains, relative to current climate conditions

(CRU). There was a significant reduction in El values in

states such as Colorado, Wyoming, and Missouri (Figure 2).

In northwest Texas, the El values were predicted to decrease

to less than 10. In more northern regions, however, El values

were predicted to be higher in Alaska, northern Alberta,

and Saskatchewan, relative to current climate conditions

(CRU). Output based on the MIROC-H dataset resulted

in a northwest shift of regions with El > 20 (Figure 3).

Compared to current climate data (CRU), the MIROC-
H GCM predicted that the overall area suitable for M.

sanguinipes in the USA would be less than under current

climate conditions. However, the suitable areas along the

Rocky Mountains were observed to increase somewhat. The

MIROC-H dataset predicted large El increases across most

of the Canadian prairies, and extending northwest to include

a continuous area northwest to Peace River, Alberta. Of
the three GCMs, MIROC-H output resulted in the largest,

continuous areas with El > 20. Unlike CSIRO MARK 3.0 and

MIROC-H, NCAR273 CCSM predicted a reduction in El

values for eastern North America. This GCM also predicted

increased El values in the interior of British Columbia.

In order to assess the potential impact of climate change

in a more regional context, the resulting database was

queried to analyze data at six regional locations between

Lubbock, Texas, and Fairbanks, Alaska. Overall, the largest

differences in El values were observed at northern and

southern regions of North America. The shifts in El values

were less in central locations. Compared to current climate

(CRU), El values derived from GCMs resulted in increased

El for the areas surrounding the three northern regions

Saskatoon, Peace River, and Fairbanks (Figures 1-4, Table 2).

The magnitude ofthe increase in El values, based on regional

means, was 252%, 77%, and 33% greater for Fairbanks, Peace

River, and Saskatoon, respectively, than those under current

climate conditions. As a result, warming conditions were

predicted to result in increased potential for M. sanguinipes

outbreaks in these three regions. Outbreaks ofM. sanguinipes

have been recently reported in northern areas of North

America. This species has been reported to be a sporadic,

potentially damaging grasshopper pest of small grain crops

in Alaska [27] and recent outbreaks of grasshoppers have

been reported in the Peace River region of Alberta [28]. The

three southern locations (Lincoln, Gillette, and Lubbock)

had lower El values when GCMs were used as inputs into the

model. Relative to the El values under current climate, the

regional mean El values for Gillette, Lincoln, and Lubbock

were predicted to be 23%, 29%, and 69% less, respectively.

The regional responses to model input varied for the three

GCMs (Table 3). The MIROC-H GCM resulted in the largest

increase in El for the Peace River and Saskatoon regions,
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Figure 4: Predicted distribution and abundance (El) of Melanoplus sanguinipes for 2080 (NCAR273 CCSM) at six regions: (A) Lubbock,

TX; (B) Lincoln, NE; (C) Gillette, WY; (D) Saskatoon, SK; (E) Peace River, AB; (F) Fairbanks, AK. Green = “Unfavourable” (El = 0-5); Tan
= “Suitable” (El = 5-20); Orange = “Favourable” (El = 20-30); Red = “Very Favourable” (El > 30).

while the NCAR273 CCSM model resulted in the largest

increase for the Fairbanks region. Ofthe three more southern

regions, Lubbock exhibited the largest decrease in El values

for MIROC-H.
The weekly temperature index (TI) describes the weekly

response of M. sanguinipes to the daily temperature cycles

that occur during the growing season. Melanoplus san-

guinipes overwinters in the egg stage. The timing and

duration of spring hatch is influenced by the level of

embryonic development going into winter, natural enemies,

and soil temperature and moisture [29, 30]. In northerly

regions, M. sanguinipes produces only one generation per

year; in more southerly areas, a small proportion of the

eggs oviposited do not enter diapause and may result in

a lesser second generation. This species prefers warm, dry

weather conditions. Warm temperatures early in spring

favour nymphal development and in turn the timing of

adulthood. Conversely, cool and wet conditions in spring

results in increased nymphal mortality and delayed develop-

ment. Crop loss due to feeding damage can occur throughout

the growing season. Newly emerged seedlings in spring are

most vulnerable, however, gradual plant defoliation may also

contribute to decreased crop yield and quality [14, 16]. Later

in the growing season, an extended, warm fall influences the

longevity of adults, allowing them to continue reproducing

until freeze-up [29, 30]. As a result, economic infestations

are often associated with a prolonged period of consecutive

seasons with above-normal temperatures [29]. Intermittent

warm seasons tend to result in fluctuating populations [31,

32]. The GCM datasets, associated with temperatures that

are warmer than CRU values, resulted in increased TI values

for northern regions and reduced TI for southern regions.

Olfert and Weiss [17] reported that incremental scenarios

of +2°C and +4°C resulted in increased TI values and

increases in both El and the potential area of Canada that

would potentially be exposed to grasshopper outbreaks. At

Fairbanks, TI values increased from 12.0 (CRU) to 20.1

(NCAR273 CCSM), resulting in more favourable tempera-

tures during the growing season. Changes in central North

America were less dramatic. Temperature indices in the

Saskatoon region were predicted to increase from 30.7 (CRU)

to 37.8 (NCAR273 CCSM). Excessively warm temperatures

have been shown to hinder grasshopper populations [29, 33]

.

Output indicates that increased temperatures would result

in higher heat stress (HS) values in northern Texas and

Nebraska.

The growth index (GI) is a weekly thermo hydrological

index that describes conditions that are favourable for

growth. CLIMEX outputs the number of weeks where the

growth index is nonzero, effectively determining the length

of the growing season. Growing season length and cold

stress accumulation are two factors that limit the potential
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Table 3: Baseline (CRU) and general circulation model (NCAR273
CCSM, MIROC-H, and CSIRO MARK 3.0) scenarios and percent

of area with El values greater than, or equal to, 20 for Melanoplus

sanguinipes at six locations in North America.

Location GCM Scenario
% of area with

El > 20

Fairbanks, AK NCAR273 CCSM 57.1

CSIRO MARK 3.0 48.2

MIROC-H 49.1

CRU 0

Peace River, AB NCAR273 CCSM 75.6

CSIRO MARK 3.0 85.2

MIROC-H 94.1

CRU 19.3

Saskatoon, SK NCAR273 CCSM 100

CSIRO MARK 3.0 100

MIROC-H 100

CRU 92

Gillette, WY NCAR273 CCSM 100

CSIRO MARK 3.0 100

MIROC-H 88.1

CRU 100

Lincoln, NE NCAR273 CCSM 6.3

CSIRO MARK 3.0 25.9

MIROC-H 23.2

CRU 59.8

Lubbock, TX NCAR273 CCSM 40.7

CSIRO MARK 3.0 24.4

MIROC-H 12.6

CRU 98.5

for population growth in the Fairbanks region. Increased

temperatures were predicted to not only decrease the rate

of cold stress accumulation, but to also increase both the

diapause index (DI) and the length of the growing season

from 14 weeks to 17-18 weeks. The growing season in the

Peace River region was predicted to increase from 1 9 weeks

to 22 weeks and would result in a growing season that

is similar to the current growing season in the Saskatoon

region. Mills [34] predicted that regions north of 55°N and

west of 110°W have soils that are suitable for agricultural

production and that climate change could positively impact

small grain production in the area. This would suggest that

M. sanguinipes populations could become established in

these new agricultural areas in the event that they become

accessible in the future. In southern regions, however, mean
GI values and the number of weeks where GI values were

positive decreased. Output indicated that prolonged periods

ofwarm temperatures during the growing season could limit

potential for grasshopper population growth. Extreme heat

and drought tends to reduce crop growth while increase

grasshopper feeding activity. Mukerji et al. [32] reported that

increased competition for food can also result in population

decline due to high mortality because of starvation.

In conclusion, bioclimatic models have proven useful for

studies investigating the potential impact of climate on insect

populations. However, some cautions have been expressed

regarding the utilization of this approach including: (i) biotic

interactions may not remain the same over time (adaptation

can, and is likely to, occur); (ii) genetic and phenotypic

composition of populations may change over time and

space; (iii) most species have some limitation to dispersal

[35, 36]. In the instance of M. sanguinipes, the impact

of biotic factors such as natural enemies (e.g., diseases,

parasites) must also be considered. For example, termination

of several grasshopper outbreaks in Canada were attributed

to cool, wet weather and epizootics of Entomophthora grylli

Fres. [20, 37]. Even though conditions may be predicted

to be conducive to grasshopper populations under climate

change, diseases could result in population decline. In

these instances, bioclimate and GCMs may not account for

changes in population, and may overestimate populations.

To address these naturally occurring phenomena, bioclimate

modeling of grasshopper populations will benefit from a

multitrophic approach (host plants—grasshoppers—natural

enemies).
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Pigmentation of the Red locust hopper, Nomadacris septemfasciata Serv., was studied in natural conditions in Madagascar in

relation to population density. More than one thousand hoppers were collected and described according to a semiquantitative

method. A typology is proposed, strictly reflecting the increase in population densities. This correctly translated the progressive

evolution of a solitary state into a gregarious state, while passing through several intermediate transiens stages. According to their

density, hopper populations consist of a mixture, in various proportions, of several pigment types. The gregarization threshold

is estimated at 100,000 hoppers/ha. A slight black spot on the hind femur is the first sign of gregarization. These results should

improve the reliability of the information collected by the Malagasy National locust centre when surveying this major pest. They

question the rapidity of the gregarization process in natural conditions as well as the stimuli involved.

1. Introduction

Locusts are acridid species that exhibit density-dependant

phase polyphenism and/or an ability to form marching hop-

per bands and/or flying swarms resulting in outbreaks and

plagues. Individuals are either of two extreme phenotypes:

solitarious or gregarious [1, 2]. This polyphenism is contin-

uous and all the intermediate stages, transiens, congregans

or dissocians, are found between the two extreme phases,

depending on the direction of the transformation. Induction

of phase transformation can occur at any stage of develop-

ment of the locust including the larva and the imago. It can

be strengthened through generations and is reflected by a

suite of changes in behaviour, morphometry, color, devel-

opment, fecundity, and endocrine physiology (see recent

reviews in [3-7]). Better understanding of locust phase

polyphenism has an obvious applied potential and could

lead, in the future, to nonconventional locust control mea-

sures as a substitute for the chemical insecticides in use [5],

but increasingly challenged because of their environmental

impact [8, 9]. Currently, the precise characterization of the

phases, and especially the intermediate transiens, is crucial

for the effective implementation of preventive strategies

against these locust pests, which require intervention as early

as possible
[
10-13] . The transiens phase marks the first stages

of the gregarization process. In the progressive development

from remission periods to invasive periods, an understand-

ing of the transiens phase can allow early detection and

measurement of the degree of severity of the locust situation.

In nature, behavioural changes are often the first char-

acteristic observed as a result of a gathering of individu-

als caused by external causes such as wind convergence,

surface restrictions related to phenomena such as floods,

and resource distribution [14-18]. This characteristic is

difficult to precisely quantify for the intermediate transiens

stages. Morphometry remains the best method to estimate

the degree of phase transformation of an individual or a

population. Morphometric charts can be used to monitor the

gregarization process over generations [2, 3, 19]. In hoppers,

only the color characteristics can be used. The coloring is

one of the most obvious signs of the phase transformation

in locusts [5]. Several studies have been carried out on the

nature of the pigments involved, the underlying physiological

mechanisms, and the influence of environmental conditions

[2, 3, 20-23]. The color characteristics of the solitarious and

gregarious phases have been shown numerous times (see,
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e.g., Stower [24] for the Desert locust Schistocerca gregaria

Forskal; Faure [25, 26] for the Red locust Nomadacris

septemfasciata Serville 1838; Albrecht [20], Lecoq [27],

Popov [28] for the Migratory locust Locusta migratoria L.

1758). The transiens phase remains, however, much less

well documented, especially for the hoppers. Often, in the

literature, the near infinite number of intermediate colors

between the solitarious and the gregarious phases of these

individuals is just mentioned. In the recent review by

Pener and Simpson [5] the word transiens (or transient)

appears 10 times only, when gregarious and solitarious are

mentioned respectively, 560 and 440 times. Moreover, the

phase transformation threshold is widely ignored. In nature,

this threshold corresponds to the population density at

which the interactions between individuals are large enough

to allow the phase transformation process to start. It is

sometimes given on the basis of an expert opinion without

any results of specific observations [29]. The very validity of

this concept is sometimes questioned because it also depends

on the insect development stage and on the vegetation

density [30]. This is crucial information from both an

operational perspective to better manage locust preventive

control and from a theoretical point of view to allow further

detailed field studies on the phase transformation process

determinism.

The various difficulties in the characterization of tran-

siens are particularly noted for the Red locust. In this species,

despite various studies that have contributed to describing

the pigmentation of the solitarious and of the gregarious

stages [25, 26, 28, 31-33], the transiens remains poorly

characterized and the phase transformation thresholds have

never been established. More generally, phase polyphenism

in the Red Locust is poorly understood and has rarely

been proven experimentally and—in comparison to Desert

and Migratory locusts—just a few papers are available for

this species (see for instance [34-36]). The main effects of

increased density on Nomadacris as revealed by laboratory

work, were summarized by Uvarov a long time ago [2], and

further research is obviously required [5]. In practice, the

information collected by the locust services on the transiens

phase is often unreliable [37] . We propose to clarify the color

characteristics of the hopper individuals of this species in

relation to population density. This study aims to provide a

better understanding of the phase transformation thresholds

and to improve the implementation of monitoring and pre-

ventive control of this species. This work was carried out in

the field in Madagascar where this locust is a major crop pest.

2. Materials and Methods

2.1. The Red Locust. The Red locust is well known through-

out central and southern Africa [38, 39]. Some isolated

populations can also be found in the lake Chad basin, the

central delta of the Niger river in Mali, and the Cape Verde

Islands [40]. The species undergoes phase transformation

and its outbreak areas are mainly located in the Great

Lakes region of East Africa, in Tanzania, Zambia, Malawi

and Mozambique [41, 42]. Since the last great invasion of

1929-1944, which affected most African countries south of

the equator, the species is controlled by an international

organization, IRLCO (International Red Locust Control

Organization) [43]. Infestations are now less frequent and

are mainly focused in the reproduction areas, far from the

cultivated areas [44], Large outbreaks occurred, however,

between 1994 and 1996 [42, 43, 45, 46] and more recently

in 2009 [47, 48].

In Madagascar, the Red locust is also a major pest and

outbreaks are frequently observed with formation of hopper

bands and swarms. No widespread invasion of the island has

ever occurred as was frequently the case with the Migratory

locust [49] whose last plague ravaged the Island between

1997 and 1999 [11]. The problem is now managed by the

National Anti-Locust Centre as part of a crop protection

strategy [40, 50, 51]. In Madagascar, the lifecycle of the

Red locust has only been documented for the Betioky-Sud

region, where this species produces just one generation per

year [52-58], as in the rest of Africa. Mating and egg laying

take place in November and December, at the onset of the

rainy season, which lasts until April. Females generally lay

eggs twice or three times, with a clutch of 20-100 eggs for

gregarious locusts and 20-195 eggs for solitarious locusts.

The eggs hatch after 24-36 days of incubation. The hoppers

begin to appear in December. The hopper development

passes by 6 instars for the gregarious individuals (1 to 6)

and 7 instars for the solitarious (numbered 1, 2, 3, 4, 4a, 5,

and 6 in order for the last instar to always carry the same

number, the extra instar being before the reversal of the

wing rudiments, between instar 4 and 5) [34]. The hopper

development period lasts almost 2 months, ranging 50-70

days and the new generation of adults appears in April. They

enter diapause to survive through the dry season (April-

September), in refuge zones located away from breeding

areas. Important seasonal migrations of solitary popula-

tions take place between dry season refuge zones (where

population densities are low) and rainy season breeding

zones (where the populations concentrate and reproduce

and where outbreaks are frequently observed) [59]. Samples

of hoppers were collected from this latter area, where the

first manifestations of gregariousness may occur (behavioral

changes in the parental adults, and behavioral, pigmentary,

morphological changes etc. in the offspring).

2.2. Sampling and Description of Hoppers. Red locust hop-

pers were collected in south-western Madagascar in a vast

area well-known as the breeding area of this species. The

samples were taken during two successive rainy seasons from

lanuary to March in 2007 and in 2008. During the two

sampling periods, we continuously (each hour) recorded the

air temperature and the relative humidity in one location in

the sampling area (near Betioky-Sud). Both parameters were

not very variable, during one sampling period as well as from

one year to another (temperatures 2007/2008: min 22, 7°C ±

1,4/23, 1°C ± 1,5; max 35, 1°C ± 3, 1/37, 0°C ± 4,2; average

27, 8°C ± 1,7/28, 9°C ± 2,3; air humidity 2007/2008: min

39, 8% ± 14, 4/34, 4% ± 17, 7; max 82, 5% ± 7, 9/80, 2% ± 8, 4;

average 64, 1% ± 10, 9/59, 1% ± 13, 3).

The sampling sites were chosen based on the information

provided by the National Anti-Locust Centre on the presence
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of locust hoppers and their density. At each site, thirty

hoppers were collected. The hopper density was evaluated by

counting one hundred sample surfaces of one square meter

each using a classical method commonly used by scouts

from the locust centre [60, 61]. These hopper populations

were derived from migrant adults arriving in the breeding

area at the start of the rainy season and whose phase status

was described broadly as solitarious as shown by survey data

from the National Anti-Locust Centre (3741 observations

conducted on the whole of south-western Madagascar in

2006 and 2007 on the parental populations). Some popula-

tions in densities above the gregarious threshold, however,

were observed (13 in all, including 4 light swarms at a

density ofbetween 160,000 and 200,000 imagos per hectare).

For each hopper, the stage was determined by overall

size, the size and the orientation of the wing pads, the

number of eye stripes, and the color characteristics recorded

using a standardized method. Only phase color (density)

polyphenism and green/brown (humidity) polyphenism

exist in the Red locust [5]. The latter is relatively limited

as the hoppers of the single annual generation were still

developing in relatively close conditions at the heart of the

rainy season in lush vegetation. The proportion of green

hoppers diminished late in the rainy season [57], In cages,

homochromy has sometimes been observed in solitarious

hoppers [26]. Regarding the phase color polyphenism, the

descriptions in the literature concern essentially solitarious

and gregarious individuals [25, 26, 28, 31-33]. For the

transiens phase, information is scarce and mainly concerns

the transiens dissocians [31, 33].

The characters finally selected were the background color

(GC) and the degree of melanisation of the cephalic capsule

(H), the degree of melanisation of the compound eyes (E)

(with more or less visible stripes), background color of the

pronotum (GP) and the degree of melanisation of its dorsal

carina (CP) and lateral sides (LP), the degree of melanisation

of the wing pads (W), and the presence and extent of a

black spot on the distal part of the upper outer carina of the

posterior femur (F). The latter criterion was supposed to be

one of the first signs of gregariousness when the population

density increases. The black abdominal maculation, difficult

to quantify, was not considered. These eight criteria were

recorded in the field using a semi-quantitative method

(Figure 1). For E, H, CP, W, LP, and F, the extent of black

pigmentation was coded 0 for absence ofblack pigmentation,

2 for a well-marked black spot and 1 for an intermediate

situation. General pigmentation was recorded as green,

brown, or orange for the cephalic capsule (GC), and as green,

brown, or yellow for the pronotum (GP). Each hopper was

individually identified and photographed under standard

conditions for later checking of the rating criteria.

2.3. Data Analysis. The results were analyzed using the

Addinsoft XLSTAT data analysis software (1995-2010). The

data table [hoppers x color variables] containing the value

of the different variables (semi quantitative) for each of

the hoppers observed was converted into a disjunctive table

(each nominal variable comprises several levels and each of

these levels is coded as a binary variable). The latter was

subjected to a Multiple Correspondence Analysis (MCA) to

highlight the relationships between the various color vari-

ables, on the one hand, and between the hoppers on the other

hand, according to their similarity [62]. The hoppers and the

variables were then classified according to their coordinates

on the first factorial axes of the MCA using a hierarchical

clustering method (Euclidean distance, Ward’s aggregation

method). A typology of the hoppers, from the most solitar-

ious to the most gregarious, was constructed on the basis of

the results of this classification. Finally, each class of hoppers

was related to the population density value in which they

were most frequently observed. This helped establish the

phase transformation threshold, that is to say, the population

levels from which one hopper class moves to another,

solitarious forms to more and more gregarious forms (or

more exactly, from population consisting of a mixture of

different color types in varying proportions to another).

3. Results

3.1. Hoppers Pigmentation. A total of 1139 hoppers were

collected and their color characteristics were described,

respectively, 36, 129, 123, 283, 233, and 343 hoppers of

1, 2, 3, 4 (including 4a), 5, and 6 instars. These hoppers

were collected in 42 localities where hopper densities were

(on a very regular density gradient) less than one hopper

(solitarious populations) to several hundred hoppers per

square meter (gregarious hopper band) (Figure 2). For

densities greater than 150 hoppers/m2
,
no accurate count was

possible and this class included densities ranging from 150 to

several hundred hoppers per square meter.

The hoppers collected from low-density populations (less

than one hopper per square meter) were characteristic of the

solitarious phase with a general green background coloring

on all parts of the body (sometimes slightly yellowish) and a

lack of black pigmentation (Figure 3). The pigmentation was

generally very similar in all individuals with low variability.

Rare individuals with a general brown background color

were sometimes observed and were regarded as solitari-

ous individuals within the traditional framework of the

green/brown polyphenism (as is the case with the Migratory

locust, e.g.,). Flowever, even if some of these individuals

were found in low-density populations (<l/m2
), they were

occasionally collected in relatively high-density populations

of about 20-69 hoppers per square meter. Their status

remains uncertain, but these hoppers (10 in all) represented

only 0.9% of the individuals collected.

As the population density increased, changes in pig-

mentation and pigment diversity increased. More numerous

yellowish or orange areas appeared as well as melanised

areas. In high-density populations (100/m2 and more), the

pigmentation was typical of the gregarious phase, which

has been described by various authors: the compound eyes

were completely dark and the eye stripes were invisible,

the cephalic capsule is almost completely melanised, the

general background color of the hopper was bright orange

and a large part of the body was marked with highly

developed black spots (Figure 3). Between these two very

contrasting solitarious and gregarious states, color changes
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Figure 1: Color patterns and morphological variables selected to characterize the pigmentation of Red Locust hoppers. Note that the

subocular stripe is a constant characteristic of the Red Locust but, in case of gregarisation, it tends to disappear under the general black

pigmentation of the posterior part of the head. Photos: M. Lecoq, A. Chamouine and M.H. Luong-Skovmand.

became more pronounced and appeared gradually in relation

to density, corresponding to individuals that could generally

be described as transiens (Figure 3). These changes primarily

concerned the femoral spot (F), the dorsal carina of the

pronotum (CP), the compound eyes (E), and to a lesser

extent, the cephalic capsule (H). With densities higher than

100/m2 the melanisation was well marked for all the variables

(E, CP, LP, W, F equal to 2 in almost 100% of cases). A
progressive change in the background color of the pronotum

(GP)—from green to yellow from low to high densities—was

also recorded, as well as a change from green to orange for the

background color of the cephalic capsule (GC).

3.2. Hoppers Typology. MCA demonstrated that the data

were highly structured with the first two factorial axes

totaling almost 90% of the total inertia of the cloud of

points (Figure 4). The plane determined by these first two

axes served to underline the correlation between hopper

pigmentation and hopper population density (density

was introduced in the analysis as an additional variable,

that was not included in the calculation of the inertia of

the cloud of points, but projected on the axes). The first

axis alone groups 82.4% of the inertia. On this axis, there

is an opposition between the absence of melanisation

and the green colors, on the one hand, and a strong

melanisation and yellow and orange colors, on the other

hand. This differentiated the solitarious individuals very

schematically from those with gregarious characteristics.

Along this axis, the hopper density classes ranged regularly

from low densities on the negative side of the axis to

high densities on the positive side. Axis 2 groups 5.9%

of the inertia and shows an opposition between extreme

color characteristics (0 and 2 for melanisation, green and

orange for background color) and the intermediate values
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Figure 2: Location of the locust hoppers sampling sites in 2007 and 2008 in southern Madagascar. R: dry season refuge zone; B: breeding

zone; L: unsuitable southernmost border zone. Green areas: dry forest. Blue lines: isohyets (mm). The arrows underline the orientation of

the migrations of maturing adult populations at the beginning of rain season (according to Lecoq et al. [59] ).

(1 for melanisation, green-orange, yellow and yellow-orange

for the background color). This axis thus underlines the first

demonstration of color polyphenism. Finally, axis 3 with

only 2.9% of the inertia is entirely determined by individuals

with a brown background. These results were valid regardless

of the hopper instar. The same analysis (MCA) conducted

either on older hoppers (4, 5 and 6) or on young hoppers

(1,2 and 3) led to exactly the same results as well as for tests

conducted separately on data from 2007 and 2008 (results

not shown).

Classification of individuals according to their coordi-

nates on the first five factorial axes provided a hopper

typology to distinguish 15 types. This could be corre-

lated with population density where the hoppers were

collected. The color characteristics changed very gradually

with increasing density. A regular gradient of color types

existed from types 15, 8, and 13, showing the characteristics

of low-density populations representing the solitarious types

(especially the most abundant type 13), to types 6 and 9

that were found in populations where the density was higher

than 60 hoppers/m2
,
and more generally, those where the

density exceeded 150 hoppers/m2
, and represented typically

gregarious individuals. Between these two extremes, the

other 9 types corresponded to intermediate situations con-

cerning both color and density, and transiens-type hoppers

(Figure 5). Each hopper class was not therefore associated

with a specific population density, but its frequency increased

and then decreased steadily with density. Thus, class 5 was
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Figure 3: Examples of Red Locust hopper polyphenism (above) and gregarious hopper band (below) observed in February 2008 in the

southern part of Madagascar (Mahafaly plateau). Photos: M.H. Luong-Skovmand (solitarious and gregarious) and A. Chamouine (solitaro-

transiens, transiens and hopper band).
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Figure 4: Result, in terms of the first two factorial axes, of the mul-

tiple correspondence analysis carried out on the table [individuals X

variable pigment] . Ellipses surround variables characteristic of the

solitary, solitaro-transiens/transiens, and gregarious populations.

The brown individuals, from dubious status, isolate themselves on

axis 3. Codification of the variables (red dots): (1) variables related

to the black pigmentation (0, 1 or 2 according to the melanisation

intensity): compound eye (E), cephalic capsule (H), median carina

of pronotum (CP), wings rudiments (W); lateral black spot of

pronotum (LP), black spot on hind femur (F); (2) variables related

to the general color of the tegument (V, green; B, brown; O, orange;

J, yellow): cephalic capsule (GC) and pronotum (GP). Variables

introduced into the MCA as additional elements: D1 to D5, density

of the hopper population (D1 < 10, D2 = [10-30], D3 = [30-70],

D4 = [70-100], D5 > 100/m2
) (orange squares); LI to L6, hopper

instars (green squares).
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Figure 5: Relationship between the 15 color types and hopper

densities. In X-coordinate: density classes; in ordinate: percentages

of the various color types (1 to 15).

present at low levels for densities less than 10 hoppers/m2
,

and it was more abundant in densities ranging from 20

to 30 hoppers, then steadily decreased in frequency. This

type of hopper was not found at densities greater than

100 hoppers/m2
.

3.3. A Simplified Typology for Operational Purposes. In order

to achieve a practical classification that is easy to use as part

of locust population survey operations, the 15 color types

were grouped into 4 types based on the classification results

and according to their percentage of presence in the different

density classes. The color types 15, 14, 13, 8, and 11, only

present in low-density populations (<10/m2
), were grouped

into a single type which gathered together, in their diversity,

populations that were typically solitarious. Types 6 and 9

were virtually the only ones present in very high-density pop-

ulations (>150/m2
) and could be regarded as representative

of the gregarious populations. Types 4, 2, 5, and 7, which

were very similar and predominated the medium-density

populations, corresponded to solitaro-transiens populations.

Finally, types 12, 3, 1, and 10, also similar, predominated

the population at densities slightly greater (70-100/m2
) than

for the previous types. These types could be grouped under

the name transiens. These different types of hoppers can

be distinguished easily and unambiguously on the basis of

certain criteria for easy use in the field by the locust center

scouts (Table 1). Thus, the appearance of the femoral spot

signified the transition between solitarious and solitaro-

transiens populations. Wing-pad melanisation distinguished

solitaro-transiens and transiens hoppers. Finally, maximal

melanisation of all body parts signified the onset of the

gregarious type. Ultimately, the criteria used could easily

assign each hopper to a particular phase category, either

solitarious, solitaro-transiens, transiens, or gregarious.

The hopper populations consisted of a mixture of

hoppers that may belong to different color types. The

percentages of each category developed progressively: a high

proportion of solitarious individuals were found in lower

density populations and higher densities had increasing

proportions of solitaro-transiens, transiens and then gregar-

ious individuals. Solitarious, solitaro-transiens, transiens or

gregarious populations could thus be classified on the basis

of the dominant color types within the population.

3.4. Pigmentation and Population Density. Some color vari-

ables changed earlier than others to an increase in the

hopper population density and could therefore be regarded

as indicators of early signs of gregarization (Table 1). The

eye stripes were still visible in half of the hoppers collected

at a density of 30-70/m2
. The eyes were dark for most of

the hoppers at a density of 70-100/m2
. Melanisation of the

cephalic capsule, which started at 10-30/m2
, was especially

marked at a density of 70-100/m2
. The background color of

the cephalic capsule was green for most of the larvae at very

low densities. The red-orange color became predominant

only at a density of 30-70/m2
. Melanisation of the dorsal

carina of the pronotum appeared at a density of 10-30/m2

and half of the hoppers were strongly marked at a density
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Table 1: Color characteristics of the four hopper types.

Characters
Solitarious

d < 10/m2

Hopper types

Solitaro-transiens

d = 10-70/m2

Transiens

d = 70-100/m2

Gregarious

d > 100/m2

E 0 0-1-2 1-2 2

H 0 0-1 0-1 2

GC green or brown green, green-orange, yellow or orange orange orange

CP 0-1 1-2 2 2

LP 0 0 0-1-2 2

GP green or yellow green or yellow yellow yellow

W 0 0 1 2

F 0 1 2 2

E: compound eye; H: cephalic capsule; GC: general pigmentation of the cephalic capsule; CP: median carina ofpronotum; LP: lateral black spot ofpronotum;

GP: general pigmentation of the pronotum; W: wings rudiments; F: black spot on hind femur.

of 30-70/m2
. Conversely, the lateral pronotal spot was very

pronounced in only one third of the hoppers at a density

of 70-100/m2
. It was strongly marked in all the hoppers for

densities greater than 100/m2
. The background color of the

pronotum, mostly green in individuals in very low densities,

turned yellow in the majority of hoppers at a density of 10-

30/m2
. The darkening of the wing pad veins appeared later.

It was significant in one third of individuals at a density

of 70-100/m2
. Above a density of 100/m2

,
all hoppers had

strongly melanised wing pads. The femoral spot appeared at

a density of 10-30/m2 and it was predominant in half of the

hoppers at a density of 30-70/m2
. It was present and strongly

marked in all hoppers at high densities (> 100/m2
). Finally,

the first transiens hoppers appeared at a density of only 10-

20 hoppers/m2 (Figure 5).

4. Discussion

4.1. Characterization of the Hopper Phase. The results from

our field study on Red Locust hopper pigmentation estab-

lished a clear typology, which strictly reflected the increasing

densities of the populations. This correlates with the results

obtained by Gunn and Flunter-Jones [63] on the regular

gradient of pigmentation in relation to hopper density in

the Migratory locust under laboratory conditions. In our

case, this gradient reflected the gradual development of

individuals from the solitarious state to the gregarious state

through several intermediate transiens stages. Up to nine

transiens categories were distinguished. Finally, only two

were selected for a practical classification to highlight the

first key stage of the gregarization process represented by the

solitaro-transiens individuals. For each density, hopper pop-

ulations were composed of a mixture of several color types in

varying proportions. The proposed criteria were simple and

unambiguous. The information collected by the National

Anti-Locust Centre in Madagascar on the phase status of

hopper populations could thus become precise, reinforcing

the reliability of the survey protocol on this species.

There was a possibility that environmental factors, other

than population density, affected hopper coloration. For

instance, temperature affects dark color patches in many
acridids, especially in locusts [21]. In our case, temperature

and humidity were not very variable during the sampling

periods. The same results were obtained in 2007 and 2008

whatever the ecological conditions showing that population

density was more important than any other factor—in our

field conditions in Madagascar—to determine the coloration

of hoppers of the Red Locust, contrary to an early statement

by Lea and Webb in 1939 [64].

Our results confirmed (although only the pigmentation

aspect was considered, which is just one component of

phase polyphenism), that all hopper phases are present

in Madagascar: the solitarious, all transiens-intermediate

stages, and true gregarious hoppers were, in all respects,

similar to those previously described in the literature, both

in pigmentation and behavior (well-established and large,

dense hopper bands of several hundred hoppers per square

meter). These results therefore contradict the hypothesis by

Roblot [65] and Roy [66], in force for almost half a century,

according to which, as the environment is assumed to be less

favorable to the Red locust in Madagascar as compared to

Africa, only solitarious and transiens forms were able to exist

on the island. This concept was so ingrained in the mentality,

that the National Anti-Locust Centre in Madagascar deleted

the term “gregarious” from the observation forms; only soli-

tarious or transiens individuals were recorded. This is obvi-

ously the best way to avoid observing gregarious individuals.

Our results complemented recent studies (based on mor-

phometric measurements) showing that the gregarious phase

amongst the imagos was indeed present in Madagascar from

the extreme south to the extreme north of the country [67].

A new gregarious area has moreover recently been identified

following major outbreaks that occurred from 1999 to 2003

in the far north, surely as a result of intensive deforestation

leading to the creation of new suitable biotopes [67, 68].

4.2. The Gregarization Threshold in Red Locust Hoppers. Our
results showed that the typology of hopper populations is

strictly a reflection of hopper density. The color changes

marking a first phase change were noted in the hoppers

found in populations where the density is 10 hoppers
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per square meter. The first real gregarious hoppers are

found, occasionally, from 60-70 hoppers/m2 and become

predominant from 150/m2
. Thus, the gregarization thresh-

old can be estimated at about 100,000 hoppers per hectare.

To our knowledge, this is the first indication of this type in

the Red locust. For adults, this threshold has been recently

estimated to be around 5,000 individuals per hectare by

Franc et al. [67] . In comparison, the threshold is estimated at

2,000 adults/ha for the Migratory locust [69]. For the Desert

locust, the threshold is estimated at 250-500 hoppers per

hectare and varies between 5 and 0.5 hoppers/m2 from the

first to the fifth instar [29]. For the Red locust, the threshold

is probably very likely to be modulated according to the

hopper instar. The value quoted above was an average for

all of our sampling (1th to 6th instars). Presumably it was

lower in the 6th instar and higher in the first, which should

be verified on a larger sample.

The gregarization threshold maybe reflective of the hop-

per environment, particularly the structure ofthe vegetation.

The latter may be more or less heterogeneous and may
promote local concentrations of populations. In general, the

distribution of resources such as food, favorable areas of

microclimate, and roosting sites are all factors that may help

promote gregariousness as has been shown especially in the

Desert locust [16-18]. However, the Saharan habitats of the

Desert locust, a plurivoltin species, can be very diverse, both

in space and time. On the contrary, the hoppers of the only

annual generation of the Red locust in Madagascar varies

between January and March, within the breeding area in the

south-west, in a lush, dense vegetation (100% coverage, plant

height between 40 and 80 cm on average) whose structure

is very similar from one year to the other. We believe that

the threshold concept takes on certain significance and is

of considerable value for the local antilocust survey service,

even if the figures are only a rough estimate.

Finally, it is interesting to compare our threshold values

to those recorded experimentally for the density at which the

coordinated marching behaviour of the gregarious popula-

tions appears. Collett et al. [18] has shown experimentally,

in the third hopper instar of the Desert locust, coordi-

nated movements that are well marked at densities above

74 hoppers/m2
. However, at densities below 18 hoppers/m2

,

no coordinated movement is noted. Even if the species and

conditions were very different from ours (hoppers in the

field in dense vegetation compared to hoppers in a circular

arena without vegetation), it is interesting to note that our

observations give similar values with a phase transformation

threshold estimated at 10 hoppers/m2 and the emergence of

real gregarious hoppers from densities of 60-70 hoppers/m2
.

This could be the result of an identical “radius of influence”,

whatever the circumstances and regardless of the stimuli

involved. Differences in the gregarization threshold for

Migratory, Red and Desert locusts could therefore be the

result of the respective structures of these three species’

habitats. For adults, the lowest gregarization thresholds were

indeed noted for the Desert locust living in habitats where

vegetation is scarce and often in clumps and highest for the

Red locust living in environments with much wetter, tall, and

dense vegetation.

4.3. Phase Transformation Rapidity and Parental Antecedents.

The fact that from solitarious parental populations we can

obtain hoppers with perfectly gregarious color characteristics

in the next generation may question the rapidity of the

gregarization process in the Red locust. Can we consider a

parental effect on our results? We know that phase char-

acteristics are transmitted to offspring, a phenomenon well

known in the Desert locust and the Migratory locust [70-

74]. In Madagascar, the early stages of phase transformation

are often initiated at the beginning of the rainy season when
solitarious populations migrate from the dry season refuge

areas to the rainy season breeding areas. Such a phenomenon
is observed in the Migratory locust [49, 60] as well as in the

Red locust [59]. These migrations often lead to sudden and

rapid increases in adult densities allowing the appearance of

the first behavioral manifestations of gregarization. The den-

sity shock suffered by females during laying can be inherited

and affect the phase of the descendant and, in particular, the

expression of color polyphenism in the hoppers.

Such a parental effect could explain the rapidity of

the process observed in the hoppers. Even if the parent

populations appear to have been mostly solitarious, obser-

vations conducted by the National Anti-Locust Centre have

shown the presence of some population densities above the

gregarization threshold and a few swarms. In early 2006,

in the dry season, the average density in south-western

Madagascar was 94 adults/ha (max 680). In the early rainy

season of 2006-2007, the average density increased to 664/ha

(with one swarm at 160,000/ha), then decreased to 272/ha in

the early dry season of2007 (with four swarms and nine cases

where the density exceeded the gregarization threshold of

5,000 adults per hectare). All transiens or gregarious hoppers

could descend from parent populations that have already

experienced, to varying degrees, a density shock in their

history when laying or early in their development over a

number of generations. This is impossible to determine,

but it would explain the wide range of phase conditions

registered in our database.

4.4. Relative Importance of Various Stimuli in the Gre-

garization Process. The low densities from which the first

transformation phase signs were noted in the Red locust raise

questions about the nature of the stimuli involved. Progress

has been made in recent years towards understanding the

stimuli associated with crowding that evoke gregarious

-

phase characteristics in S. gregaria. The main focus has

been on induction of gregarious behavior [5]. Simpson et

al. [16, 17, 72, 75-78] have brilliantly shown in the Desert

locust that mechanical stimuli appear to intervene initially;

they are potent inducers of phase-transformation behavior

and have a central role. The mechanoreceptors responsible

are located on the outer face of the hind femur. Various

authors have shown, however, especially in the Desert locust,

that visual and olfactory stimuli (less active or completely

inactive separately) can act synergistically and lead to both

gregarious behavior and the development of black spots

and yellowing of the cuticle, characteristic of gregarious

hoppers [79-81]. A former experiment by Launoisetal. [82],
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on the Migratory locust suggests that the daily rhythm of

solitarious adults activity collected in the field and tested

using actography near the field, can be changed depending

on the density of individuals in the experimental room
without any tactile contact between them, suggesting the

influence of olfactory or visual stimuli in the early stages

of behavioral gregarization. More recently, Simpson’s group

has also shown that tactile stimulation (of the antennae in

this case) is necessary to induce behavioural gregarization

in the Australian plague locust, Chortoicetes terminifera

(Walker, 1870) [83]. Thus convergent behavioral responses

to crowding have certainly evolved, employing different sites

of sensory input according to the species.

In our case, no apparent manifestation of behavioral

gregarization (coordinated movements) seems apparent in

hopper populations of the Red locust at densities equal to

the gregarization threshold or 10-20 hoppers/m2
only, far

from the hundreds of individuals in gregarious or pregre-

garious hopper bands. During the rainy season, the hoppers

developed in homogeneous, dense vegetation covering the

entire ground at an average height of 40 to 80 cm between

January and March. However, the first signs of gregarization

occurred at these densities, at least the pigmentary signs.

The probability of tactile contact in these conditions seems

relatively low. Visual, olfactory or auditory signs could also

be very important in the early stages of the gregarization

process when locust densities are too low (and therefore

when a natural tendency for repulsion still occurs) and

vegetation density is too high to allow frequent contact

between individuals. Of course, in nature, mechanical,

chemical, visual and auditory stimuli are all present and must

act synergistically. The importance of these various factors in

the induction of gregarization in the Red locust needs to be

clarified in natural conditions. An excellent knowledge of the

transiens phase and of its first signs is thus of fundamental

interest.
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Although the specific mechanisms of locust phase transformation are wellunderstood for model locust species such as the desert

locust Schistocerca gregaria and the migratory locust Locusta migratoria, the expressions of density-dependent phase polyphenism

in other nonmodel locust species are not wellknown. The present paper is an attempt to review and synthesize what we know
about these nonmodel locusts. Based on all available data, I find that locust phase polyphenism is expressed in many different ways

in different locust species and identify a pattern that locust species often belong to large taxonomic groups which contain mostly

nonswarming grasshopper species. Although locust phase polyphenism has evolved multiple times within Acrididae, I argue that

its evolution should be studied from a phylogenetic perspective because I find similar density-dependent phenotypic plasticity

among closely related species. Finally, I emphasize the importance of comparative analyses in understanding the evolution of

locust phase and propose a phylogeny-based research framework.

1. Introduction

The contemporary definition of locusts is fairly strict and

narrow. Pener
[ 1 ]

defined locusts as grasshoppers that belong

to Acrididae (Orthoptera: Caelifera) that meet two criteria:

(1) they form at some periods dense groups comprising huge

numbers, bands of hoppers, and/or swarms ofwinged adults

which migrate; (2) they are polyphenic in the sense that

individuals living separately differ in many characteristics

from those living in groups. There are a number of grasshop-

per species that satisfy the first criterion and thus often

loosely called locusts [2-5]. However, the second criterion,

the expression of density-dependent phase polyphenism,

is rarer [6] and has only been convincingly documented

in the migratory locust, Locusta migratoria, the brown

locust, Locustana pardalina, the desert locust Schistocerca

gregaria, the Central American locust, S. piceifrons, the

South American locust, S. cancellata, and the red locust,

Nomadacris septemfasciata, and to the lesser degree in the

Moroccan locust, Dociostaurus maroccanus. In these species,

color, behavior, morphology, biochemistry, and life history

traits are strikingly affected by the change in local population

density [2]. Those species that cause tremendous agricultural

damage but do not express visible phase polyphenism are

often referred to as locusts, but whether they strictly fit the

definition of “locusts” remains rather ambiguous. Uvarov

[5, pages 142-150] dedicated a chapter titled “Antecedents

of gregarious behaviour” to discuss these borderline species.

Pener and Simpson [2] also listed 23 acridid species

that show elements of density-dependent polyphenism and

briefly mentioned phase-like expressions in those species not

typically categorized as “true locusts.”

It is difficult to prove whether a given grasshopper species

displays density-dependent phase polyphenism. It is because

the presence of density-dependent phase polyphenism is

something that has to be tested through explicit experiments

[7], especially when its expression is not readily visible. A
species in question has to be reared in both isolated and

crowded conditions in a carefully controlled manner, and the

resulting phenotypes have to be quantified and statistically

compared [8]. Also, the expressions of density-dependent

polyphenism may be subtle and not manifest in an extreme

way found in model locust species such as S. gregaria and

L. migratoria. A good example of this can be illustrated

in the Australian plague locust, Chortoicetes terminifera,

which is convincingly demonstrated to display a strong form
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of density-dependent behavioral polyphenism without the

change in color [9]. Just because extreme manifestation

of many phase-related characters occurs in model locust

species, we cannot expect other locust species to express the

same traits. After all, these locust species are the product

of their own evolutionary history and finely adapted to

their local environments [10]. If we accept the fact that

locust phase polyphenism evolved multiple times [4], we
also have to accept the fact that there are many ways to

become locusts. It is important to realize that many traits

associated with locust phase polyphenism do not necessarily

evolve as a whole [4, 11]. Locust phase polyphenism is an

ultimate expression of many different phenotypically plastic

responses that are affected by the change of local population

density. Song and Wenzel [11] showed that the evolution

of density-dependent color plasticity precedes the evolution

of behavioral plasticity in Cyrtacanthacridinae and that the

physiological mechanisms necessary to produce density-

dependent color morphs are phylogenetically conserved

in the subfamily. Thus, understanding the phylogeny is

exceedingly important in understanding the evolution of

locust phase polyphenism.

Tremendous advances have been made in understanding

the mechanism of phase transformation in 5. gregaria and

L. migratoria [2], but not much is known about the density-

dependent phase polyphenism of nonmodel locust species.

The present paper is an attempt to review all available

literatures regarding the effect of population density in

nonmodel locust species. I do not dwell on S. gregaria and L.

migratoria because these model species have been the subject

of several recent reviews [2, 12-14], but I only mention

them when comparison and contrast with nonmodel species

become relevant. When discussing each species, I try to

incorporate available taxonomic and phylogenetic informa-

tion [15]. Finally, I propose a robust research framework

that incorporates a phylogenetic approach in studying the

evolution of density-dependent phase polyphenism.

2. Expression of Density-Dependent Phase

Polyphenism ofNonmodel Locusts

In this section, I review taxonomy, phylogeny, and the

existence and expression of density-dependent polyphenism

in nonmodel locust species across Acrididae. There is an

enormous body of literature dedicated to biology, ecology,

population dynamics, and pest management of these species,

much of which is reviewed in Uvarov [5, 16], COPR [17],

and others. I do not attempt to review these topics again

unless they are relevant for discussion. Data presented in the

following sections are summarized in Tables 1 and 2.

2.1. Locust Species in Schistocerca. The genus Schistocerca

Stal, 1873 contains about fifty species and is widely dis-

tributed in the New World. It is difficult to pinpoint the

exact number of species in the genus because the most

comprehensive revision of the genus by Dirsh [18] made
numerous synonymies based on an obscure morphometric

species concept, which are now considered to be incorrect.

Harvey [19] revised the Americana complex based on a series

of hybridization experiments, and Song [20] revised the

Alutacea group based on morphological characters. A large

complex of species which is currently synonymized under

S. nitens needs to be examined thoroughly. Schistocerca is

also well known for its transatlantic disjunction distribution

in which the desert locust S. gregaria is the only Old

World representative of the genus. A considerable amount of

controversies and debates have centered on the origin of the

desert locust [21, 22].

Schistocerca occupies a rather unique position in the

study of locusts because it contains multiple locust species.

The desert locust S. gregaria is of course the most well

known of all locusts in terms of both swarm dynamics and

the mechanism of phase transformation [2], The Central

American locust S. piceifrons and the South American locust

S. canccllata are important swarming locust species in the

New World, and the Peru locust S. interrita has recently

been recognized as a locust. There have been reports of the

American grasshopper S. americana, which is closely related

to other swarming species in the genus, being able to form

hopper bands and adult swarms [62], but no conclusive

evidence exists to show that it is a locust [63] . It is important

to realize that the swarming species in Schistocerca do not

form a monophyletic group. Based on hybridization studies

and phylogenetic studies, it is recognized that swarming S.

piceifrons is sister to nonswarming 5. americana [19, 22, 64],

and swarming S. cancellata is sister to nonswarming S. pallens

[19, 21, 22, 26]. In other words, locust phase polyphenism

appears to have evolved multiple times even within the same

genus. Many nonswarming sedentary Schistocerca species are

capable of expressing density-dependent color polyphenism

[65-69], suggesting that color plasticity is a phylogenetically

conserved trait in the genus [11]. Interestingly, an isolated

population of S. gregaria in South Africa is not prone to

gregarization and is often referred to as the subspecies S.

gregaria flaviventris [27]. Schimdt and Albiitz [70] also found

that a population of S. gregaria from Canary Island expressed

much reduced phase traits even after intense crowding.

Similarly, a Chilean population of S. cancellata is also not

prone to gregarization [27]. These examples suggest that

density-dependent behavioral plasticity is not a fixed trait

for these locust species, and it may be reduced or lost due

to adaptation to local environments or drift [71].

Schistocerca piceifrons (Walker, 1870) is distributed

throughout Central America and the northern part of

South America [19, 23, 24]. Two subspecies are recognized,

the nominal subspecies and S. piceifrons peruviana which

occurs in high elevations of Peru and Ecuador [24, 29,

72]. Recently, a migrant population was found on Socorro

Island (Mexico) in the Pacific Ocean [73, 74]. In Mexico,

where the locust is commonly referred to as langosta

voladora, there are two generations, spring and fall, and the

fall generation adults go through a reproductive diapause

during the winter dry season [23]. Schistocerca piceifrons is

found where there is between 100 and 250 cm of annual

rainfall, distinct dry winter season, and no cold season. It

prefers semixerophytic mosaic vegetation and feeds on a

wide variety of herbaceous plants. It is a typical swarming
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Table 1: Expressions of density-dependent phenotypic plasticity of the species included in this paper. When there is conclusive evidence on

presence or absence of density-dependent phenotypic plasticity, it is noted as such. Asterisk denotes the possibility based on inconclusive

and anecdotal evidence. Unknown denotes the lack of quantitative data.

Density-dependent phenotypic plasticity

Species Nymphal color Morphometries ratios Physiology Behavior References

Cyrtacanthacridinae

Schistocerca gregaria present present present present [2, 16]

Schistocerca piceifrons present present present present* [23-25]

Schistocerca cancellata present present present present* [19, 26-28]

Schistocerca interrita present* present* unknown unknown [29-32]

Nomadacris septemfasciata present present present present* [16, 33-35]

Patanga succincta present present present unknown [17, 36, 37]

Austracris guttulosa absent absent absent unknown [17, 36-40]

Anacridium melanorhodon present absent absent unknown [41,42]

Oedipodinae

Locusta migratoria present present present present [2, 16]

Locustana pardalina present present present present* [5, 16, 33,43]

Oedaleus senegalensis present* unknown unknown unknown [41]

Gastrimargus musicus present present unknown present* [44]

Pyrgodera armata present* unknown unknown unknown [45]

Chortoicetes terminifera absent present present present [9, 46]

Austroicetes cruciata absent present unknown unknown [46]

Aiolopus simulatrix present* unknown present* unknown [41,47]

Ceracris kiangsu unknown unknown unknown unknown [17]

Calliptaminae

Calliptamus italicus absent present present present* [48-51]

Gomphocerinae

Dociostaurus marrocanus present present present present* [5, 16, 52, 53]

Rhammatocerus schistocercoides present* present* unknown unknown [54, 55]

Gomphocerus sibricus absent absent unknown unknown [5, 56]

Melanoplinae

Melanoplus sanguinipes present absent unknown unknown [5, 56-58]

Melanoplus differentialis unknown absent unknown unknown [59, 60]

Proctolabinae

Coscineuta virens absent absent unknown unknown [61]

locust with distinct density-dependent phase polyphenism

in color, morphology, and other life history traits [24, 25].

In terms of color, nymphs are green at low density, but at

high density they develop extensive black pattern in head,

pronotum, wingpads, abdomen, and legs with pink or peach-

red background [24, 25].

Schistocerca cancellata (Serville, 1838) is distributed in

the southern half of South America, including Argentina,

Bolivia, Paraguay, Uruguay, Chile, and southern Brazil [17].

It used to be known as S. paranensis, which previously

referred to the locust in the New World, but hybridization

experiments confirmed that there were two locust species in

the New World, the Central American locust S. piceifrons and

the South American locust S. cancellata [19, 26, 64]. It is

adapted to temperate and subtropical climate, and there is an

annual cycle of migration and breeding within the invasion

area that is strongly influenced by weather and its seasonal

variations [19, 27]. There are several permanent zones of

breeding, which consist of an area of desert or semidesert

within an annual rainfall of over 500mm [17]. The species

matures and oviposits in areas where there has been rain.

The species used to be a major plague species in the first

half of the 20th century [75], but in recent years, large-scale

infestations have become infrequent [27], and outbreaks

are limited to the semiarid areas in north-west Argentina

[76], possibly due to very effective control measures. The

South American locust is a classic swarming species with

pronounced density-dependent phase polyphenism similar

to the congeneric S. gregaria [19, 28].

Schistocerca interrita Scudder, 1899, has been known
as a nonswarming grasshopper occurring in Peru for a

long time [77]. During 1983 and 1984 after the “El Nino”

phenomenon, a severe outbreak of S. interrita reaching a

proportion of a plague was reported in the northern coast

of Peru [30]. It has been hypothesized that when there is

abundant rainfall due to unusual events such as El Nino,
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Table 2: Expressions of swarm dynamics and ecological characteristics of the species included in this paper. When there is conclusive

evidence on presence or absence of a given phenomenon, it is noted as such. Asterisk denotes the possibility based on inconclusive and

anecdotal evidence. Unknown denotes the lack of quantitative data.

Swarm dynamics Ecological characters

Species
Hopper

band
Adult swarm

Group

mating

Group

oviposition
Habitat preference Food preference

Cyrtacanthacridinae

Schistocerca gregaria present present present present arid and semiarid land herbivorous

Schistocerca piceifrons present present present present
semixerophytic mosaic

vegetation

desert or semidesert with

herbivorous

Schistocerca cancellata present present present present annual rainfall of over

500 mm
herbivorous

Schistocerca interrita present present present present dry wooded area herbivorous

Nomadacris septemfasciata present present absent absent
treeless grassland with

seasonal flood
graminivorous

Patanga succincta absent present absent absent grassland graminivorous

Austracris guttulosa absent present absent absent grassland graminivorous

Anacridium melanorhodon present present absent absent
dry open woodland near

Acacia
arborivorous

Oedipodinae

Locusta migratoria present present present present variable graminivorous

Locustana pardalina present present present present arid land graminivorous

Oedaleus senegalensis present present unknown unknown drier savannah

costal and subcostal regions

graminivorous

Gastrimargus musicus present present present present
of Australia where annual

rainfall is greater than

500 mm
alluvial plains and

graminivorous

Pyrgodera armata present absent unknown unknown adjoining hills with clay or

stony soils

herbivorous

Chortoicetes terminifera present present present present semiarid land

drier and more open

graminivorous

Austroicetes cruciata present present present present
grasslands and semideserts

with 200-500mm annual
graminivorous

rainfall

Aiolopus simulatrix present present present* present* grassland graminivorous

Ceracris kiangsu present absent unknown unknown bamboo forest monophagous

on bamboo

Calliptaminae

Calliptamus italicus

Gomphocerinae

present present present present dry steppe zones herbivorous

Dociostaurus marrocanus present present present present
semiarid steppe or semiarid

desert
graminivorous

Rhammatocerus schistocercoides present present present present
shrub-like and wooded
savannas

graminivorous

Gomphocerus sibricus

Melanoplinae

present present unknown unknown forest margins graminivorous

Melanoplus sanguinipes present* present unknown unknown grasslands and meadows
graminivorous/

forbivorous

Melanoplus differentialis present present unknown unknown
tall herbaceous vegetation

growing in wet meadows

graminivorous/

forbivorous

Proctolabinae

Coscineuta virens present present present present forest
herbivorous/

forbivorous



Psyche 5

Lambayeque desert becomes a suitable breeding ground

for S. interrita

,

which eventually leads to an exponential

population growth [30, 31]. An anecdotal report of a locust

swarm in Lambayeque is known from 1578, which can

be probably attributed to S. interrita [31], but the most

recent upsurge occurred in 1997-2003 in Lambayeque and

Cajamarca of northern Peru. Schistocerca interrita is adapted

to dry wooded area at the elevation of 3500 m above sea

level, and population dynamics and basic ecology have not

been thoroughly studied (see [29, 31]). At low density,

nymphs are green, but they develop black pattern with yellow

background at high density. Unlike the gregarious nymphs of

5. piceifrons which develop broad black patterns in the lateral

face of the pronotum, the gregarious nymphs of S. interrita

develop black patterns with clearly defined margins, so that

the lateral face of pronotum has a distinct yellow triangle

[32] . Both hopper bands and adult swarms are known in this

species and sexually mature adults turn yellow.

2.2. Locust Species in the Nomadacris-Patanga-Austracris-

Valanga Complex. Within Cyrtacanthacridinae, Nomadacris

Uvarov, 1923, Patanga Uvarov, 1 923, Austracris Uvarov, 1923,

and Valanga Uvarov, 1923 form a monophyletic group based

on morphological characters including male genitalia, male

subgenital plate, and male cerci [11]. The taxonomic history

of this group is unnecessarily confusing, which I discuss

in detail because I think it is relevant in discussion of

the evolution of locust phase polyphenism in this group.

Uvarov [78] first described the genus Patanga based on

the shape of hind femora, prosternal process, and male

subgenital plate. The other three genera were described

later in the same publication. Dirsh [79] first suggested

that the type species, Gryllus (Locusta ) succinctus Johansson,

1763, Uvarov [78] used to describe as Patanga did not

correspond to its original description by Johansson. He
noted that there was an available name (Acridium assectator

Fischer von Waldheim, 1833) matching Uvarov’s [78], and

Linneaus’ original description matched that of Acridium

nigricorne Burmeister, 1838, which was a type species of

yet another genus Valanga. Uvarov [80] soon published a

rebuttal, and Melville [81] carefully summarized this affair.

The final opinion from ICZN was published in 1973 in

favor of keeping nomenclatural stability [82]. Nevertheless,

Dirsh [83] published a revision of Cyrtacanthacris and

synonymized Nomadacris, Valanga, Patanga, and Austracris

under Cyrtacanthacris on the ground of morphological sim-

ilarities. Jago [84] criticized Dirsh’s action and reinstated the

ranking of genera synonymized by Dirsh [83]. In doing so,

he suggested that Nomadacris, Patanga, and Austracris were

congeneric and lowered the taxonomic ranking to subgenera

under Patanga, which had a priority. He also argued that the

genus Valanga should be maintained in line with the opinion

of the ICZN [82]. Thus, Jago’s [84] action resulted in three

genera: Cyrtacanthacris, Valanga, and Patanga. Nomadacris

septemfasciata was, however, one of the most important

locust species, and there were numerous agricultural reports

using that name. In order to promote taxonomic stability,

Key and Jago [85] proposed to make Nomadacris have a

priority over Patanga, on the ground of Jago [84] being the

first reviser. Thus, Patanga and Austracris were considered

subgenera of Nomadacris. Later, Key and Rentz [86] asserted

that the Australian representatives were morphologically

distinct and removed Austracris from synonymy.

All this taxonomic confusion is due to the fact that

these four genera are very closely related. Because of the

conventional usage of the names, I use the generic name
sensu Uvarov [78], but it is certainly possible to consider

these four genera congeneric. This leads to a very interesting

point in terms of the evolution of locust phase polyphenism.

Just like Schistocerca, which has a few swarming locust

species, but mostly sedentary species, this generic complex

also has the mixture of swarming and nonswarming species.

Just like S. gregaria which is the only African representative

of the genus, which happens to express the most extreme

form of locust phase polyphenism of all Schistocerca locusts,

N. septemfasciata is the only African representative of the

generic complex, which also happens to express the most

extreme form of locust phase polyphenism in the complex.

This is a fantastic case of parallel evolution. Locust species

in Schistocerca and this generic complex are very similar in

terms of their color pattern and the same is true among
the sedentary species in these two groups. However, the

exact expressions of locust phase polyphenism are distinctly

different between the two.

The red locust, Nomadacris septemfasciata (Serville,

1838), is distributed in most of Africa, south of Sahara, and

in Madagascar [17]. Seasonal and annual variation of flood

gives rise to unstable mosaic of very tall grasses and sedges

and short grasses where N. septemfasciata thrives. Several

studies were carried out in the Rukwa Valley, Tanganyika

(Tanzania), one of three known outbreak areas of the red

locust [87-91]. Several studies have emphasized the impor-

tance of physical structure of vegetation in concentration

of individuals [88-90], and both nymphs and adults are

known to roost on stems of Echinochloa pyramidalis, the

dominant tall grass and Cyperus longus, the dominant short

grass species [90] . The red locust is a classic swarming locust

that expresses an extreme form of density-dependent phase

polyphenism [5,33]. Isolated nymphs are green, but crowded

nymphs develop extensive black pattern with orange frons

and yellow background [41]. Adult morphometries, number
of instars, and the rate of sexual maturation are all affected

by the change in population density [5, 34, 35]. Both

hopper bands and adult swarms are welldocumented [90,

92]

, but group mating and group oviposition have not been

documented from this species. Adults go through a very

long reproductive diapause up to 8 months [17, 87], and

the particular stage of sexual maturation can be determined

by examining the color of hind wing, which changes from

transparent to pink to purple red [92].

The Bombay locust, Patanga succincta (Johannson, 1763)

is widely distributed in southwestern Asia (India, Philip-

pines, Indonesia, Malaysia, Thailand, Japan, and China)
[
1 7,

93]

. No major swarm has been reported since 1908 although

small populations seem to be consistently found [94]. Adults

of P. succincta form a typical swarm, but it is not clear from

the literature whether this species also exhibits hopper bands.

Douthwaite [95] observed nymphal behavior in Thailand.
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Nymphs favored grass species such as Imperata and maize,

which co-occurred with low vegetation such as Brachiaria.

He observed that nymphs move vertically on maize where

they mostly fed. The vertical movement was rapid, but it was

not synchronized among other individuals in the population.

Feeding occurred during warm weather and nymphs climbed

up the maize and descended to Brachiaria which they used

as a shelter. Even when the population density is high,

the hoppers move little [17]. Isolated nymphs are green,

and crowded nymphs develop black mottles with yellowish

orange or fawn background, but not extensive black patterns

observed in other locust species [36, 37]. Morphometric

ratios in adults do seem to be affected [36]. Both group

mating and group oviposition are not reported from this

species.

The spur-throated locust, Austracris guttulosa (Walker,

1870), is distributed throughout Australia and adjacent

regions [96]. It is a tropical, ambivorous species, adapted

to monsoon climate with a long dry season [97]. Although

it feeds on a wide variety of plants, grass is preferred.

Immature adults form a migrating swarm. The size of a

typical swarm can be very large and dense, and it can

travel up to 400-500 km in a week [38]. Although adults

exhibit impressive migratory swarms, A. guttulosa does not

exhibit many traits that are commonly associated with locust

phase polyphenism [38]. For example, nymphal color does

not become conspicuous upon crowding although density-

dependent green/brown polymorphism appears to occur

[39], adult morphometric ratios remain constant upon

crowding [40], nymphs have never been observed moving in

dense bands despite high local densities [38], and oviposition

never occurs collectively in egg beds, suggesting the lack of

group oviposition [38].

2.3. Anacridium melanorhodon. The genus Anacridium

Uvarov, 1923, contains 13 valid species widely distributed

in Africa and southern Europe [98]. The identity of A.

javanicum which was described from a single female speci-

men from Java is questionable, and it might be a specimen

belonging to Valanga which might have been mistaken

as Anacridium. The Sahelian tree locust, A. melanorhodon

(Walker, 1870), is distributed in the Sahelian zone in Africa.

Two subspecies are known, the nominal subspecies occurring

in the west and A. melanorhodon arabafrum occurring in

the east through Arabia to Iran [17]. It is an arboricolous

species, intimately associated with various Acacia species. In

the field, especially in winter, swarms occasionally occur. A
typical swarm of A. melanorhodon is small, less than one

square kilometer, but a swarm as large as 20 km in length

has been observed [42]. One of the characteristics of A.

melanorhodon is its nocturnal habit. Most feeding and flight

activities occur at night, and the species is locally known as

sari-el-lel, which means the night wanderer. Both adults and

nymphs roost on Acacia trees or other available tall trees.

This roosting behavior seems to lead to the concentration

of population, which in turn leads to the development of

swarms. No characteristic group oviposition as in 5. gregaria

was observed, but the egg pod density can be high due

to the structure of vegetation [42]. Hatchlings from such

high-density places gradually concentrate into groups and

bands. Cohesive and directional marching behavior has been

observed, but the density of hopper bands can be as low as

one individual per square meter. Crowded nymphs develop

black mottles with yellow background while isolated nymphs
are green [41]. Adult morphometric ratios are not affected

by population density [42]. The congeneric A. wernerellum

is known to behave like a locust in rare circumstances

[42], and its response to density is probably similar to A.

melanorhodon.

2.4. Locust Species in the Oedipodine Tribe Locustini. The

oedipodine tribe Locustini is of particular interest because

it contains several species prone to density-dependent phe-

notypic plasticity including the migratory locust, Locusta

migratoria, the brown locust, Locustana pardalina, the Sene-

galese grasshopper, Oedaleus senegalensis , the yellow-winged

locust, Gastimargus musicus, and the Iranian grasshopper,

Pyrgodera armata. Although there is no phylogenetic work

focusing on this tribe as a whole, a recent molecular

phylogenetic study by Fries et al. [99] included three genera

of this tribe, Locusta, Gastrimargus, and Oedaleus and found

that these form a strong monophyletic group. It is unclear

how closely the locust species are related within Locustini,

but it is intriguing that several major locust species belong

to a relatively small tribe, which could suggest that some

components ofdensity-dependent phase polyphenism might

be phylogenetically conserved in this clade, similar to the

cases in Cyrtacanthacridinae.

The monotypic genus Locustana Uvarov, 1921, contains

the brown locust, L. pardalina (Walker, 1870), which is one

of the major locust species in southern Africa that thrives in

the semiarid Karoo region [17]. Because of its agricultural

importance, the brown locust has been studied very thor-

oughly in terms of its life history and swarm dynamics
[ 100]

.

It is a classic swarming locust, capable of expressing extreme

phase characteristics in color, behavior, morphology, and

physiology [5, 33, 43] . The phase characteristics of the brown

locust were thoroughly investigated early by Faure [33],

just soon after the initial formulation of the phase theory

[101]. Isolated nymphs are variable in color and exhibit

a strong case of homochromy. Green color of the isolated

nymphs is associated with high humidity. Crowded nymphs

develop characteristic orange and black coloration. Adult

morphometric ratios are also strongly affected by crowding.

The brown locust displays typical hopper bands and adult

swarms, group mating and group oviposition.

The genus Oedaleus Fieber, 1853, currently contains 27

valid species, widely distributed across the Old World, from

Africa to Asia and to Australia. Ritchie [102] published the

most comprehensive revision to date, in which he discussed

the taxonomy and biogeography of the genus in detail. This

genus is closely related to another genus of interest, Gastri-

margus [102]. Several species in Oedaleus are economically

important pests, but the Senegalese grasshopper, O. sene-

galensis (Krauss, 1877), stands out as the most devastating

species [17]. The biology and ecology of this species was

recently reviewed by Maiga et al. [103]. This species is

widely distributed throughout the tropical and subtropical
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regions, and it is often associated with mesoxerophilic

habitats and can be categorized as graminivorous [17].

Marching hopper bands and loose swarms of this species

have been frequently reported [104], but no quantitative

study on behavioral phase is available. Normal green-brown

polymorphism similar to other oedipodines is reported from

O. senegalensis [105], but it is not clear if density-dependent

color change does occur. Ritchie [105] reported that the

nymphs in high-density population show a characteristic

brown and black coloration. Launois and Launois-Luong

[106] declared that O. senegalensis is a true grasshopper

because it does not exhibit changes in physiological changes

often associated with typical locusts, but gregarious behavior

appears to be similar to the locust species. Another member
of the genus, O. decorus asiaticus Bei-Bienko, 1941, which

occurs widely in Asia, is known to exhibit migratory behavior

[ 107] . Recently, Cease et al. [108] showed that rearing density

significantly affected physiological responses in this species

but failed to demonstrate a direct correlation among rearing

density, color plasticity, and behavioral plasticity.

The genus Gastrimargus Saussure, 1884, currently con-

tains 23 species and 8 subspecies, widely distributed in the

tropical grassland of Africa, Asia, and Australasia. Ritchie

[109] published the most comprehensive revision to date,

in which he discussed the taxonomy and biogeography of

the genus in detail and contrasted with the genus Oedaleus

which he revised earlier [102], Gastrimargus favors more

humid habitats than Oedaleus although both genera are

graminivorous
[ 109] . Of the 23 species, only three species are

reported to be of any economical importance, and they are

G. africanus, G. marmoratus, and G. musicus [17]. Of these,

only the yellow-winged locust, G. musicus (Fabricius, 1775),

is known to express density-dependent phase polyphenism

[44]. This species is endemic to coastal and subcostral

Australia, where rainfall exceeds 20 inches annually. The

most thorough and the only study of the biology and

ecology of G. musicus was done by Common [44], and

no subsequent study was followed despite its pronounced

phase expressions. Isolated and crowded locusts differ in

terms of color, morphometric ratios, and behavior. This

species displays typical hopper bands, adult swarms, group

mating, and group oviposition. Based on the specimens

collected from an extensive outbreak that occurred in central

Queensland between 1939 and 1947, Common [44] tested

the existence of locust phase polyphenism in G. musicus

and documented that solitarious nymphs have variable color

with green/brown polymorphism and gregarious nymphs are

medium to dark brown. He also commented that solitarious

populations are often patchily distributed in native pastures,

and the outbreak in central Queensland was a result of

population buildups over several years under favorable

environmental conditions.

The monotypic genus Pyrgodera Fischer von Waldheim,

1846, contains the Iranian grasshopper, P. armata Fischer

von Waldheim, 1846, which is a peculiar grasshopper, easily

identified by its high, arched, and laminate pronotal crest,

distributed in the Mediterranean regions [45]. It is a minor

pest in this region [17] but included in this paper because it

is reported to have plastic response to change in population

density [45]. Popov [45] encountered an unusual population

of P. armata in South Iran, which showed a tendency to

express different phenotypes at high density. The nymphs
of this species are typically green at low density, but he

found an aggregation of nymphs that have orange and

black patterns, similar to the gregarious nymphs of a typical

locust. These colored nymphs in high density formed a

small marching band, where other nymphs with conspicuous

color would join the band and the green nymphs would

remain indifferent to the band. The orange and black

pattern continued into the adult instar. Although this species

does not develop into a full-blown locust swarm, Popov’s

observation is indicative of the species expressing density-

dependent phenotypic plasticity in terms of both color and

nymphal behavior.

2.5. Chortoicetes and Austroicetes. Chortoicetes Brunner von

Wattenwyl, 1893, and Austroicetes Uvarov, 1925, are not

placed in any tribe within Oedipodinae because they are

quite divergent from other members of the subfamily. Fries

et al. [99] included both of these genera in their study

and found that these two Australian genera form a strong

monophyletic group but not related to any other groups

within the subfamily. Thus, it is possible to conclude that

these two genera are sister to each other but occupy rather

an isolated position in Oedipodinae [46].

The Australian plague locust, C. terminifera (Walker,

1870), is the most economically important pest species in

Australia [17]. It is found throughout Australia, and its

outbreaks are both localized and widespread [96]. Due to

its agricultural importance, the life history and population

dynamics have been thoroughly studied [110]. The genus

Chortoicetes currently contains two species, the nominal

species C. terminifera and C. sumbaensis which was initially

described as Aiolopus sumbaensis by Willemse [111] based on

a female specimen collected from the Indonesian island of

Sumba. Hollis [112] transferred this species to Chortoicetes

based on tegminal venation, but there was no distinct char-

acter to warrant a specific status separate from C. terminifera

other than size differences and wing patterns. Although it is

difficult to confirm, I suspect that it was a migrant individual

of C. terminifera that somehow colonized Sumba, which

means that the genus should be considered monotypic.

Although C. terminifera displays all the behavioral traits

typically associated with locusts, including hopper bands,

adult swarms, group mating, and group oviposition [96], it

does not change color in response to change in population

density [46]. Key [46] showed that adult morphometric

ratios are affected by crowding, but the degree oftransforma-

tion is not as pronounced as other typical locusts. Recently,

Gray et al. [9] demonstrated that C. terminifera expresses

strong behavioral phase polyphenism, and Cullen et al. [113]

showed that the behavioral phase transformation is triggered

by tactile stimulation of the antennae. These new studies

based on quantitative behavioral assay techniques collectively

show that density-dependent phase transformation does not

necessarily involve change in color.

The genus Austroicetes is probably sister to Chortoicetes

and contains 9 valid species. Some members of this genus
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can cause severe damages to crops, but the small plague

grasshopper (or sometime small plague locust), A. cruciata

(Saussure, 1888), used to be considered the worst grasshop-

per pest in Western Australia [17]. This species occasionally

forms hopper bands and loose adult swarms when popula-

tion density becomes high. Key [46] demonstrated that this

species and the congeneric A. nullarborensis were capable

of displaying density-dependent polyphenism in color, adult

morphometries, and behavior.

2.6. Aiolopus simulatrix. The oedipodine genus Aiolopus

Fieber, 1853, currently contains 14 species widely distributed

throughout the Old World and Australia. Since the revision

by Hollis [114], a number of new species have been

added to the genus, but this genus still needs to be fully

revised. Within Aiolopus, four species (A. simulatrix, A.

strepens, A. longicornis, and A. thalassinus) are recognized

as economically important species, but the Sudan plague

locust, A. simulatrix (Walker, 1870), is the most devastating

species of grain and other crops. Joyce [115] described the

biology and behavior of A. simulatrix (as now synonymized

A. savignyi ) from East Central Sudan. It forms impressive

migratory swarms, but the existence of hopper bands is not

well recorded. Nymphs do exhibit density-dependent color

plasticity in which nymphs in low density are brown, green,

and of a mixture of two colors, whereas crowded nymphs
develop a dark pigmentation in pronotum, wingpads, and

hind femora [41]. Although there has not been an explicit

experiment to study the effect of density in A. simulatrix,

Heifetz and Applebaum [47] did such an experiment in

a related species A. thalassinus. They found that crowding

did not result in changes in morphometric ratios or color

but affects behavior and other physiological responses such

as CO2 release and carbohydrate and lipid levels. Thus, it

is possible that A. simulatrix may respond similarly to the

change in density if it is subjected to a controlled experiment.

2.7. Calliptamus italicus. The genus Calliptamus Serville,

1831, currently contains 15 extant species, and it is widely

distributed from northern Africa to Europe and into Russia

and China. Of the 15 species, only C. italicus (Linnaeus,

1758) is known to swarm, and it is the only known swarming

locust in the subfamily Calliptaminae [17]. It forms narrow

and long hopper bands (6-2800 m in length, 3-70 m in

width) [116], and the adults form typical migrating swarms.

Unlike the classic locusts, nymphal color is not affected by

change in the population density [48], but nymphal behavior

does appear to be affected [49] although quantitative behav-

ioral assays have not been applied to this species. This species

exhibits physiological responses to the change in density

because the locusts reared in a crowded condition mature

more rapidly than the ones reared in an isolated setting [5].

Adults also respond morphometrically, and gregarious adults

have much longer tegmina than solitarious adults [50, 51].

2.8. Dociostaurus marrocanus. The gomphocerine genus

Dociostaurus Fieber, 1853, contains three subgenera and 26

species and is widely distributed in the palearctic region.

The Moroccan locust, D. marrocanus (Thunberg, 1815), is

the only species in the genus known to express an extreme

form of density-dependent phase polyphenism in color and

morphology in both nymphal and adult stages [5]. Isolated

nymphs are yellowish or olive brown with three very distinct

black spots on the upper part of hind femora, but crowded

nymphs develop orange color in the head and pronotum

with faded or no black spots on the hind femora [52].

Gregarious adults are larger in size and have longer tegmina

and shorter hind femora than the solitarious ones [53]. It

used to be very difficult to rear D. marrocanus in a colony

setting [117], but recently there has been an advance in this

aspect [118]. Characteristic hopper bands and adult swarms

are well documented in this species [5, 17, 52]. This species

is highly polyphagous and causes significant agricultural

damages in the many countries in the Mediterranean zone

[119]. However, the Moroccan locust appears to be very

selective in terms of its habitat preference; it is often

associated with an ecotonal zone between foothills and

valleys, at a range of altitudes of 400-800 m above sea level,

with dry-steppe vegetation [117]. The habitat destruction

has decreased the severity of outbreak in several developed

countries so much, so that the locusts never produce swarms

in some cases. Nevertheless, this species is still a major pest

species in Afghanistan, Iran, Algeria, Morocco, Uzbekistan,

and southern Kazakhstan [117].

2.9.

Rhammatocerus schistocercoides. The gomphocerine

genus Rhammatocerus Saussure, 1861, currently consists of

18 species, mostly distributed in the Central and South

America. The status of many species is uncertain and the

genus is in need of a taxonomic revision although several

species in this genus are agriculturally important pest species,

and the Mato Grosso grasshopper, R. schistocercoides (Rehn,

1906), stands out as the most serious one. It is found in the

shrub-like and wooded savannas in South America, and two

of the most affected areas include the Brazilian States ofMato

Grosso and Rondonia and the Colombian States of Casanare,

Meta, and Vichada [54]. The Mato Grosso grasshoppers

regularly form very impressive hopper bands [120] and adult

swarms [121], but the effect of population density has not

been systematically studied. It is unclear if isolated nymphs
would behave any differently from crowded ones. Ebratt et

al. [55] reared nymphs in isolated and crowded settings and

reported that nymphs were green at low density, but red

or brown at high density, which also corresponded with

the change in morphometric ratios. However, Pierozzi and

Lecoq [54] did not find any morphometric differences in the

adults collected from high and low densities and suggested

that this species should be considered a grasshopper, not a

locust, although they recommended that a more thorough

investigation on the expression of locust phase needs to be

done in this species. This species is highly variable in terms

of color, and Lecoq and Pierozzi [122] documented the color

change from brown to green upon sexual maturation.

3. Other Pest Grasshopper Species

Pener and Simpson [2] list 23 acridid species that show

elements of density-dependent polyphenism, which is an
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extended list from Song [4]. In addition to S. gregaria and L.

migratoria, the species that I discuss in the previous section

are the ones that exhibit cohesive migration groups and

density-dependent phenotypic plasticity although the degree

of expression is quite variable across species. The Rocky

Mountain locust, Melanoplus spretus (Walsh, 1866), used to

be the most devastating locust species in North America

before it abruptly became extinct in the early 20th century

[123]. It is likely that M spretus displayed locust phase

polyphenism [124], but most of the data collected for that

species predate the formulation of the phase theory [125],

and therefore I do not discuss this species in this paper. In

this section, I talk about the remaining four species and one

species not mentioned by Pener and Simpson [2].

3.1. Melanoplus. The melanopline genus Melanoplus Stal,

1873, is one of the largest acridid genera containing 243 valid

species. No comprehensive revision of this genus is available

to date. Many species have very narrow geographic ranges,

but some occur throughout North America. Two species

that are reported to have density-dependent polyphenism by

Pener and Simpson [2] are the migratory grasshopper, M.

sanguinipes (Fabricius, 1798), and the differential grasshop-

per, M. differentialis (Thomas, 1865). Both species have

been reported to display hopper bands and adult swarms

that migrate under a very high-density condition in the

first half of the 20th century [57, 59, 126]. Crowding does

induce melanization in nymphs [58] in M. sanguinipes ,

but morphometric ratios are not affected. A large body of

literature is devoted to the biology and ecology of these

two species due to their economical importance [60], but

none of the available studies has definitely demonstrated

the existence of locust phase polyphenism in these species.

Therefore, it would be fair to categorize them as outbreak

grasshoppers.

3.2. Gomphocerus sibiricus. The gomphocerine genus Gom-
phocerus Thunberg, 1815, contains 8 valid species mostly

distributed in the Old World, except one Brazilian species G.

semicolor, whose taxonomic status is questionable. Among
these, the Siberian locust, G. sibiricus (Linnaeus, 1767)

(which was sometimes referred to as Aeropus sibiricus before

Aeropus was synonymized under Gomphocerus), is one of the

most economically important pest species in Russia [5]. This

species is restricted mainly to xerophilous forest margins [56]

and is prone to outbreak. However, there is no documented

report of G. sibiricus responding to population density,

suggesting that its common name has been misapplied.

3.3. Ceracris kiangsu. The genus Ceracris Walker, 1870, con-

tains 12 described species which are distributed throughout

China. The Orthoptera Species File currently places the

genus in the tribe Parapleurini of the subfamily Oedipodinae

[127], but Chinese researchers have always placed it under

Arcypteridae [128], which is a junior synonym of the

tribe Arcypterini of Gomphocerinae. The genus includes a

few economically important species, and the yellow-spined

bamboo locust, C. kiangsu Tsai, 1929, is known to be the

most important agricultural pest of bamboos [129]. Earlier

studies described the nymphs and adults to be gregarious

[130, 131] and also reported the migrating bands of the

late instar nymphs [131], These earlier studies led Song [4]

and Pener and Simpson [2] to include C. kiangsu as one of

the species exhibiting a certain level of density-dependent

phase polyphenism, but in fact, there is no definitive report

of this species being able to change color, morphology,

or behavior in response to change in population density.

Based on published data, it is possible to deduce that C.

kiangsu specializes in feeding on bamboo, and its life history

is intimately associated with the bamboo forest. Recent

studies have shown that C. kiangsu is attracted to human
urine possibly to supplement sodium and nitrogenous

compounds which are lacking in bamboos [132], and some

have advocated the use of human urine to bait and control

this pest
[
133] . All available data point to a conclusion that C.

kiangsu is an outbreak species but does not fit the definition

of a locust.

3.4.

Coscineuta virens. The genus Coscineuta Stal, 1873,

currently contains 8 valid species, and it is the only

member of the basal proctolabine tribe Coscineutini [134].

Coscineuta is widely distributed in South America, but the

Moruga grasshopper, C. virens (Thunberg, 1815), is currently

restricted to the southeastern region in Trinidad. Other

specimens of this species are known from Guyana and

Uruguay, but there is no report of recent occurrence [61].

The Moruga grasshopper, also locally known as Courtac,

has been a principal acridid pest of Trinidad feeding on

a wide variety of crops including citrus, coffee, cocoa,

mango, cassava, and several vegetables [61]. This species is

of particular interest because it is known to be gregarious in

all stages of life. Nymphs are characteristically colored black

and yellow, reminiscent of typical pyrmorphid nymphs, and

form very dense and mobile marching bands. Because of this

locust-like behavior, Popov et al. [61] examined the existence

of density-dependent phase characteristics in this species

but found that this species was not affected by isolation

or crowing in any meaningful way. In fact, the species

appeared to be always in the “gregarious phase” at least in

terms of behavior. No followup study has been done on this

interesting species of grasshopper.

4. Evolution of Density-Dependent Phase

Polyphenism in Acrididae

Locust phase polyphenism has evolved multiple times within

Acrididae. The convergent evolution of this phenomenon
should not be understated. Only a handful of species are

capable of expressing locust phase polyphenism out of more

than 6400 valid species of Acrididae. In other words, only

about 0.29% of known acridids (19 legitimate locust species

out of 6444 valid acridid species) can be categorized as

locusts. The proportion of the locusts that express full-

blown phase polyphenism is even smaller. Based on the

present paper, it is possible to conclude that locust phase

polyphenism has evolved only in four acridid subfamilies,

Cyrtacanthacridinae, Oedipodinae, Gomphocerinae, and

Calliptaminae, out of 24 currently recognized subfamilies.
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Within each subfamily (except Calliptaminae which only

contains one locust species), it has evolved multiple times.

Although the ultimate expression of locust phase, density-

dependent phenotypic plasticity leading to gregarization

and migration, is similar across different locust species, the

specific mechanisms behind phase transformation are quite

variable. In fact, the deep understanding we have gained

through studying S. gregaria and L. migratoria is probably

not directly applicable to many nonmodel locust species.

This perspective is quite different from a traditional view

of studying locusts in which researchers used to look for

specific physiological phase characteristics such as changes in

color and morphometric ratios in the species in question

to determine whether it is a “true locust” or not [135].

The more appropriate view in light of the contemporary

definition of locusts should be based on the presence of

any density-dependent phenotypic plasticity whether the

expression is morphology, physiology, or behavior, or any

combination of these.

From a taxonomic point of view, an interesting general

pattern emerges from the present paper. Typically, locust

species often belong to larger taxonomic groups in which

most species are not locusts. For example, the Italian locust

is the only locust species out of 15 Calliptamus species, and

the Moroccan locust is the only locust out of 26 Dociostaurus

species. Schistocerca contains only four locust species out

of 50 species, all of which are nonswarming sedentary

species. This pattern can also be extended to monotypic

genera such as Locusta and Locustana, both of which belong

to Locustini which contains 72 species, most of which

are sedentary grasshoppers. Similarly, the monotypic genus

Chortoicetes forms a monophyletic group with Austroicetes

which includes nonswarming species. There is no known
case of every species of a given taxonomic group being

locusts. Every species in a given taxonomic group (whether a

genus or a tribe) is closely related phylogenetically and must

be very similar to each other morphologically, biologically,

and ecologically. But, only a small proportion of a given

taxonomic group expresses locust phase polyphenism. What
makes some species locusts while other species in the same

taxonomic group remain as regular grasshoppers? Do the

nonswarming species in these taxonomic groups have the

potential to develop locust phase polyphenism?

These are certainly very difficult questions to answer, and

the obvious answer would be “we do not know.” Locusts

are exceptionally adapted to their local environments, and

these locust species may simply have the best combination

of the traits that make them the most successful, compared

to other species in the same taxonomic groups, or there

may be some species that are capable of becoming locusts,

but the environmental conditions are simply not conducive

to the expression of locust phase polyphenism, and we
cannot know whether one would be a locust or not a

priori. For example, the recent outbreak of S. interrita was

not anticipated because the species was not known to be

a locust, but the El Nino phenomenon created an excep-

tionally favorable environment for the species to express

its hidden potential to express locust phase polyphenism

[29].

In addition to the general pattern that only a small

proportion of species in a given taxonomic group expresses

locust phase polyphenism, there is another interesting pat-

tern which is not readily noticeable unless one understands

the phylogeny of these locusts. Although locust phase

polyphenism has evolved convergently, its evolution does

not appear to be totally random especially when the phase

characteristics of closely related locusts are examined. There

are four cases in which there are multiple locust species

occurring in supposedly monophyletic groups. They are

the locust species in the Schistocerca
,
Nomadacris-Patanga-

Austracris-Valanga, Locustini, and Chortoicetes-Austroicetes

clades. Phase-related characters are remarkably similar across

different locust species within each monophyletic group

(Tables 1 and 2). For instance, the locust species within

Schistocerca all exhibit a similar form of density-dependent

phenotypic plasticity in color, morphology, physiology, and

behavior. They all behave very similarly at high population

density and prefer dry habitat and herbaceous plants.

Although in the same subfamily, the locust species in the

Nomadacris-Patanga-Austracris-Valanga clade behave quite

differently from Schistocerca. Adult swarms are prominent

in this clade, but hopper bands are only weakly or not at

all expressed. These species exhibit neither group mating

nor group oviposition, and they distinctly prefer grassland

habitats and grasses. The locust species in Locustini also

favor grasses but have broader habitat preferences. They all

express typical swarm dynamics both as nymphs and as

adults and show pronounced density-dependent phenotypic

plasticity in many traits. The Chortoicetes-Austroicetes clade

belongs to the same subfamily as Locustini, thus the locust

species in this clade show similar ecological characteristics

but do not change color at high density.

Throughout the locust literatures, comparisons among
the locust species belonging to different taxonomic groups

have seldom been made. The reason for this lack of

comparative studies may be due to the fact that several of

these locust species are monotypic and thus assumed to

be somewhat unique. Although different locust species may
not always form a monophyletic group within each clade,

it is important to understand that the evolution of locust

phase polyphenism is shaped by the shared ancestry and the

adaptation to local environmental conditions. Lor example,

Song and Wenzel [11] showed that N. septemfasciata, P.

succincta, and A. guttulosa form a monophyletic group based

on morphological characters and that the individual compo-

nents of locust phase polyphenism evolve at different times

and its full expression is achieved when these components

are expressed together. Because of the shared ancestry, these

locust species exhibit the same density-dependent plastic

responses, but they also exhibit unique traits and ecological

adaptations because they are specifically adapted to their

local environments. Another example can be found in

Schistocerca. Many sedentary species in the genus Schistocerca

display density-dependent color plasticity [65-69], which

indicates that the physiological mechanisms behind this

plastic reaction norm may be a phylogenetically conserved

ancestral trait. Thus, the development of conspicuous

nymphal coloration in the gregarious phase of S. gregaria. is
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not a novel trait in locusts, but an expression of ancestral

phenotypic plasticity [4] . These examples are, however, based

not on experimental data, but on the fragmentary reports

published in various literature sources [11]. Nevertheless, it

demonstrated the importance of a phylogenetic perspective

in understanding the evolution of locust phase polyphenism.

5. A Call for a Phylogeny-Based

Research Program in the Study of

Locust Phase Polyphenism

For the last century since the formulation ofthe phase theory,

especially for the last two decades, tremendous advances

have been made in the study of locust phase polyphenism

using S. gregaria and L. migratoria as model systems. Despite

the deep understanding we have gained based on a model-

based approach, we know surprisingly little about other

nonmodel locust species. In this paper, I show that many of

the nonmodel locusts exhibit different forms of locust phase

polyphenism and what we know about the model species

do not necessarily translate to these nonmodel species. As

a parallel illustration, we have accumulated an enormous

body of information on the making of a fruit fly, Drosophila

melanogaster, a very specialized dipteran species, but this

does not mean that we have learned everything about the

extremely diverse order of Diptera, nor does it mean what

is known about the fruit fly is directly applicable to other

flies. The model-based approach in studying locust phase

polyphenism is undoubtedly invaluable, but a much richer

understanding of this phenomenon can be gained if it is

complemented with a phylogenetic approach.

Applying a phylogenetic perspective to the study of

speciation, adaptation, behavioral ecology, and character

evolution has often resulted in deeper and more comprehen-

sive understandings of the subject [136]. A phylogeny-based

research framework in locust phase polyphenism can allow

us to investigate relevant questions such as reconstructing

ancestral state of individual components of locust phase,

tracing the origin and transformation of different phase

-

related traits, and testing correlations between different

phase-related traits. This approach can predict that non-

swarming species might be capable of expressing phase

polyphenism when favorable environmental conditions arise

and also help form testable hypotheses on the phase expres-

sions of nonmodel locust species that are closely related to

the model species. For instance, what we know about 5.

gregaria can form a basis for studying other locust species

in Schistocerca because of their phylogenetic relationships.

Take the mechanoreceptors present in the outer face of hind

femora for an example. The behavioral phase transformation

can be achieved by stimulating these mechanoreceptors in

S. gregaria [137]. An informed null hypothesis then maybe
that S. piceifrons or S. cancellata can also respond to density

in a similar way. Cullen et al. [113] recently showed that

the tactile stimuli are sensed by the antennal receptors in

C. terminifera ,
rather than hind femora. This suggests that

what is known about S. gregaria might not apply to C.

terminifera, but what we gain from studying C. terminifera

can form a basis for studying Austroicetes cruciata because of

their phylogenetic relationships. It is thus possible to predict

that A. cruciata is likely to respond to antennal stimulation

rather than leg stimulation. Likewise, what we know about

L. migratoria is a good starting point for understanding

the locust phase polyphenism in L. pardalina, G. musicus,

and O. senegalensis because they all belong to Locustini. By

studying both similarities and differences among different

locust species in the same monophyletic groups, we can

gain greater understanding of the evolution of locust phase

polyphenism.

This phylogeny-based research program certainly has

several challenges. Reconstructing a robust phylogeny is

always a difficult endeavor laden with problems of taxon

and character sampling, and numerous assumptions about

phylogenetic reconstruction methods. For locust research,

the problem is exacerbated because the use of mitochon-

drial genes, which is commonly employed in inferring

the relationships among closely related species, is difficult

because Acrididae is known to be severely affected by

nuclear mitochondrial pseudogenes [138-140]. Generating

data on density-dependent phenotypic plasticity in explicitly

controlled laboratory settings for all species in a given

monophyletic group is extremely challenging. Even the

cost of maintaining colonies of different species would

be prohibitively high. Thus, this research program would

necessarily have to be a long-term international collaborative

project.

Despite all these difficulties, I would still argue that this

phylogeny-based approach would considerably expand upon

the insights we have gained from the current model-based

approach. In this paper, I have identified four candidate

monophyletic groups which contain multiple locust species

and many nonswarming species. Of these, I argue that

the locust research community should initially focus on

Schistocerca and Locustini. We can take advantage of what

we have learned so far based on the study of S. gregaria

and L. migratoria and begin to understand the evolution of

locust phase polyphenism in other locust species in these

two groups with phylogeny-based, informed predictions.

Exciting results from this research program will eventu-

ally form a basis for investigating other nonmodel locust

species.

6. Conclusion

In this study, I have performed a literature review focusing

on locust phase polyphenism of nonmodel locust species.

The most striking finding is how little we know about

these nonmodel locust species. So far, there have been

only three locust species (S. gregaria, L. migratoria, and

C. terminifera ) that have been investigated using modern
quantitative behavioral assay techniques [2, 8, 9]. We do not

know what specific stimulus triggers phase transformation

in other species. Endocrine responses, biochemical changes,

and molecular expressions in response to change in density

are completely unknown for most of the locust species. This

lack of knowledge means that there are many new exciting

findings and insights waiting to be discovered. The major
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theme of this paper is that there are many ways to become

locusts, and the evolution of locust phase polyphenism has

to be understood through the lens of phylogeny. We have

learned a great deal about the specific mechanisms of phase

transformation of model locust species over the past few

decades. Now, it is time to expand the study of locust phase

polyphenism to these nonmodel locust species to gain a

deeper understanding of this fascinating phenomenon.

Acknowledgments

The author thanks Alex Latchininsky for allowing him to

think about this subject in depth. Greg Sword generously

shared his unpublished data. Greg Sword and two anony-

mous reviewers provided valuable comments on the earlier

version of this paper. This work was supported by the

National Science Foundation Grant no. DEB-0816962.

References

[1] M. P. Pener, “Endocrine aspects of phase polymorphism

in locusts,” in Invertebrate Endocrinology, Endocrinology of

Insects, R. G. H. Downer and H. Laufer, Eds., vol. 1, pp. 379-

394, Alan R. Liss, New York, NY, EISA, 1983.

[2] M. P. Pener and S. J. Simpson, “Locust phase polyphenism:

an update,” Advances in Insect Physiology, vol. 36, pp. 1-272,

2009.

[3] M. P. Pener and Y. Yerushalmi, “The physiology of locust

phase polymorphism: an update,” Journal ofInsect Physiology,

vol. 44, no. 5-6, pp. 365-377, 1998.

[4] H. Song, “Phylogenetic perspectives on the evolution of

locust phase polyphenism,” Journal of Orthoptera Research,

vol. 14, no. 2, pp. 235-245, 2005.

[5] B. P. Elvarov, Grasshoppers and Locusts , vol. 2, Centre for

Overseas Pest Research, London, UK, 1977.

[6] S. W. Applebaum and Y. Heifetz, “Density-dependent physi-

ological phase in insects,” Annual Review ofEntomology, vol.

44, pp. 317-341, 1999.

[7] C. D. Schlichting and M. Pigliucci, Phenotypic Evolution: A
Reaction Norm Perspective, Sinauer Associates, Sunderland,

Mass, USA, 1988.

[8] S. J. Simpson, A. R. McCaffery, and B. F. Hagele, “A

behavioural analysis of phase change in the desert locust,”

Biological Reviews of the Cambridge Philosophical Society, vol.

74, no. 4, pp. 461-480, 1999.

[9] L. J. Gray, G. A. Sword, M. L. Anstey, F. J. Clissold, and S. J.

Simpson, “Behavioural phase polyphenism in the Australian

plague locust ( Chortoicetes terminifera ),” Biology Letters, vol.

5, no. 3, pp. 306-309, 2009.

[10] N. D. Jago, “The evolutionary interrelationships of phase

attributes and mobility in the Acridoidea,” in Proceedings of

the 3rd Triennial Meeting Pan American Acridological Society,

vol. 3, pp. 65-91, 1985.

[11] H. Song and J. W. Wenzel, “Phylogeny of bird-grasshopper

subfamily Cyrtacanthacridinae (Orthoptera: Acrididae) and

the evolution of locust phase polyphenism,” Cladistics, vol.

24, no. 4, pp. 515-542, 2008.

[12] A. Hassanali, P. G. N. Njagi, and M. O. Bashir, “Chemical

ecology of locusts and related acridids,” Annual Review of

Entomology, vol. 50, pp. 223-245, 2005.

[13] G. A. Sword and S. J. Simpson, “Locusts,” Current Biology,

vol. 18, no. 9, pp. R364-R366, 2008.

[14] S. Tanaka, “Corazonin and locust phase polyphenism,”

Applied Entomology and Zoology, vol. 41, no. 2, pp. 179-193,

2006.

[15] D. C. Eades and D. Otte, “Orthoptera Species File Online,”

2010, Version 2.0/4.0, http://Orthoptera.SpeciesFile.org.

[16] B. P. Uvarov, Grasshoppers and Locusts, vol. 1, Cambridge

University Press, Cambridge, UK, 1966.

[17] COPR, The Locust and Grasshopper Agricultural Manual,

Centre for Overseas Pest Research, London, UK, 1982.

[18] V. M. Dirsh, Genus Schistocerca (Acridomorpha, Insecta), Dr.

W. Junk B.V. Publishers, The Hague, The Netherlands, 1974.

[19] A. W. Harvey, “A reclassification ofthe Schistocerca americana

complex (Orthoptera: Acrididae),” Acrida , vol. 10, pp. 61-77,

1981.

[20] H. Song, “Revision of the Alutacea group of genus Schisto-

cerca (Orthoptera: Acrididae: Cyrtacanthacridinae),” Annals

ofthe Entomological Society ofAmerica, vol. 97, no. 3, pp. 420-

436, 2004.

[21] N. R. Lovejoy, S. P. Mullen, G. A. Sword, R. F. Chapman, and

R. G. Harrison, “Ancient trans-Atlantic flight explains locust

biogeography: molecular phylogenetics of Schistocerca ,” Pro-

ceedings ofthe Royal Society B: Biological Sciences, vol. 273, no.

1588, pp. 767-774, 2006.

[22] H. Song, “On the origin of the desert locust Schistocerca

gregaria (Forskal) (Orthoptera: Acrididae: Cyrtacanthacrid-

inae),” Proceedings of the Royal Society B: Biological Sciences,

vol. 271, no. 1548, pp. 1641-1648, 2004.

[23] L. Barrientos-Lozano, Ecologia, Manejo y Control de la

Langosta Voladora (Schistocerca Piceifrons Piceifrons, Walker),

Instituto Tecnologico de Ciudad Victoria, Tamaulipas,

Mexico, 2002.

[24] A. W. Harvey,
“
Schistocera piceifrons (Walker) ( Orthoptera:

Acrididae), the swarming locust of tropical America: a

review,” Bulletin ofEntomological Research, vol. 73, no. 2, pp.

171-184, 1983.

[25] P. Hunter-Jones, “Life history of the Central American

Locust, Schistocerca sp. (Orthoptera: Acrididae), in the

laboratory,” Annals of the Entomological Society of America,

vol. 60, no. 2, pp. 468-477, 1967.

[26] N. D. Jago, A. Antonious, and J. P. Grunshaw, “Further

laboratory evidence for the separate species status of the

South American locust (Schistocerca cancellata Serville) and

the Central American locust (Schistocerca piceifrons piceifrons

Walker) (Acrididae, Cyrtacanthacridinae),” Journal ofNatu-

ral History, vol. 16, pp. 763-768, 1982.

[27] Z. Waloff and D. E. Pedgley, “Comparative biogeography and

biology of the South American locust, Schistocerca cancellata

(Serville), and the South African desert locust, S. gregaria

flaviventris (Burmeister) (Orthoptera: Acrididae): a review,”

Bulletin ofEntomological Research, vol. 76, pp. 1-20, 1986.

[28] C. Bruch, “Investigaciones sobre la langosta, experimentos

en cautividad,” Memoria de la Comision Central de Investi-

gaciones sobre la Langosta, vol. 1936, pp. 143-190, 1939.

[29] J.-F. Duranton, A. Monard, and R. S. Morales, “Contribution

a Fetude de la bio-ecologie de deux locustes peruviens, Schis-

tocerca cf interrita Scudder 1899 et Schistocerca piceifrons

peruviana Lynch Arribalzaga 1903 (Orthoptera, Cyrtacan-

thacridinae),” Journal of Orthoptera Research, vol. 15, no. 2,

pp. 157-169, 2006.

[30] J.-F. Duranton, A. Monard, and R. S. Morales, “Outbreaks of

Schistocerca interrita (Scudder, 1899) in Northern Peru,” in

Proceedings of the 8th International Meeting of the Orthopter-

ists ’ Society, vol. 8, p. 76, Montpellier, France, 2001.



Psyche 13

[31] R. S. Morales, Langosta plaga en el Peru (Schistocerca

piceifrons peruviana; S. interrita). Manejo y control,” in

Manejo Integrado de la Langosta Centroamericana (Schis-

tocerca piceifrons piceifrons, Walker) y Acridoideos Plaga en

America Latina, L. Barrientos-Lozano and P. Almaguer-

Sierra, Eds., pp. 180-198, Instituto Tecnologico de Cd.

Victoria, Cd. Victoria, Tamaulipas, Mexico, 2005.

[32] SENASA,
“
Integrated management for acridids: locusts

& grasshoppers in Peru,” 2010, http://www.senasa.gob.pe/

servicios/eng/agriculturist/im_acridids/index.htm.

[33] J. C. Faure, “The phases of locusts in South Africa,” Bulletin

ofEntomological Research, vol. 23, pp. 293-405, 1932.

[34] A. Franc, L. Rabesisoa, M. H. Luong-Skovmand, and M.

Lecoq, “Phase polymorphism in the red locust, Nomadacris

septemfasciata (Orthoptera: Acrididae) in Madagascar,”

International Journal of Tropical Insect Science, vol. 25, no. 3,

pp. 182-189, 2005.

[35] V. M. Dirsh, “A new biometrical phase character in locusts,”

Nature, vol. 167, no. 4242, pp. 281-282, 1951.

[36] A. Antoniou, “Observations on rearing and breeding the

Bombay locust Patanga succincta (L.), in the laboratory,”

Journal ofNatural History, vol. 4, pp. 85-88, 1970.

[37] S. Tanaka and T. Okuda, “Life cycles, diapause and devel-

opmental characteristics in subtropical locusts, Nomadacris

succincta and N. japonica (Orthoptera: Acrididae),” Japanese

Journal ofEntomology, vol. 64, no. 1, pp. 189-201, 1996.

[38] R. J. Elder, “Bionomics of Austracris guttulosa (Walker)

(Orthoptera: Acrididae) during the 1970-75 Outbreak in

Queensland, Australia,” Australian Journal of Entomology,

vol. 36, no. 1, pp. 57-67, 1997.

[39] R. J. Elder, “Laboratory studies on the life history of

Nomadacris guttulosa (Walker) (Orthoptera: Acrididae),”

Journal of the Australian Entomological Society, vol. 28, pp.

247-253, 1989.

[40] R. J. Elder, “Morphometries of field populations ofAustracris

guttulosa (Walker) (Orthoptera: Acrididae) in Australia,”

Australian Journal ofEntomology, vol. 35, no. 4, pp. 345-347,

1996.

[41] G. B. Popov, Nymphs of the Sahelian Grasshoppers: An
Illustrated Guide, Overseas Development Natural Resources

Institute, Chatham, UK, 1989.

[42] G. Popov and M. Ratcliffe, “The Sahelian tree locust

Anacridium melanorhodon (Walker),” Anti-Locust Memoir,

vol. 9, pp. 1-48, 1968.

[43] D. J. Nolte, “The gregarization of locusts,” Biological Reviews

ofthe Cambridge Philosophical Society, vol. 49, pp. 1-14, 1974.

[44] F. B. Common, “The yellow-winged locust, Gastrimargus

musicus Fabr., in central Queensland,” Queensland Journal of

Agricultural Science, vol. 5, pp. 153-219, 1948.

[45] G. Popov, “Apparent tendency to phase variation in an

Iranian grasshopper, Pyrgodera armata (F. W.) (Orthoptera,

Acrididae),” European Optical Society, vol. 28, pp. 277-283,

1952.

[46] K. H. L. Key, The Taxonomy, Phases and Distribution of the

Genera Chortoicetes Brunn. and Austroicetes Uv. (Orthoptera:

Acrididae), CSIRO Division of Entomology, Canberra, Aus-

tralia, 1954.

[47] Y. Heifetz and S. W. Applebaum, “Density-dependent phys-

iological phase in a non-migratory grasshopper Aiolopus

thalassinus,” Entomologia Experimentalis et Applicata, vol. 77,

no. 3, pp. 251-262, 1995.

[48] A. V. Latchininsky, Acridids of Kazakhstan, Central Asia

and Adjacent Territories, Association for Applied Acridology

International, University of Wyoming, Laramie, Wyo, USA,

2002.

[49] K. A. Vasil’ev, “The Italian locust Calliptamus italicus in cen-

tral Kazakhstan,” Trudy Nauchno-IssledovateVskogo Institute

Zashchity Rastenil, Alma-Ata, vol. 7, pp. 123-190, 1962.

[50] K. A. Vasil’ev, “Phases in the Italian locust ( Calliptamus

italicus L.),” Doklady Akademii Nauk SSSR, vol. 74, pp. 639-

642, 1950.

[51] M. V. Stolyarov, “The Italian locust Calliptamus italicus L.

(Orthoptera, Acrididae) in Kara-Kalpakia,” Entomologich-

eskoe Obzrenie, vol. 46, pp. 615-628, 1967.

[52] A. V. Latchininsky and M. H. Launois-Luong, Le Criquet

Marocain, Dociostaurus Maroccanus (Thunberg, 1815), dans

la Partie Orientale de son Aire de Distribution , CRAD-
PRIFAS, Montpellier, France, 1992.

[53] P. Barranco and F. Pascual, “Biometria, comportamiento y
coloracion de una poblacion gregaria de langosta marroqui,

Dociostaurus maroccanus (Thunberg, 1815), en las prox-

imidades del Cabo de Gata (Almeria, Espana),” Boletin de

Sanidad Vegetal Plagas, vol. 21, pp. 203-211, 1995.

[54] I. Pierozzi Jr. and M. Lecoq, “Morphometric studies on

Rhammatocerus schistocercoides (Rehn, 1906) [Orthoptera,

Acrididae, Gomphocerinae] in Brazilian and Colombian

populations,” Transactions of the American Entomological

Society, vol. 124, no. 1, pp. 25-34, 1998.

[55] E. E. Ebratt, C. Espinel, and A. M. Cotes, “Estudio de la teoria

de fases en Rhammatocerus schistocercoides (Orthoptera:

Acrididae) en los Llanos Orientales de Colombia,” Revista

Colombiana de Entomologia, vol. 26, no. 3-4, pp. 83-88, 2000.

[56] A. V. Latchininsky, “Grasshopper problems in Yacutia

(Eastern Siberia, Russia) Grasslands,” Journal of Orthoptera

Research, vol. 4, pp. 29-34, 1995.

[57] R. L. Shotwell, “A study of the lesser migratory grasshopper,”

UDSA Technical Bulletin 190, 1930.

[58] D. J. Fielding and L. S. Defoliart, “Density and temperature-

dependent melanization of fifth-instar Melanoplus sangui-

nipes: interpopulation comparisons,” Journal of Orthoptera

Research, vol. 14, no. 1, pp. 107-113, 2005.

[59] J. R. Parker and R. L. Shotwell, “Devastation of a large area

by the differential and the two-striped grasshoppers,” Journal

ofEconomic Entomology, vol. 25, pp. 174-196, 1932.

[60] R. E. Pfadt, Field Guide to Common Western Grasshoppers, vol.

912, Wyoming Agricultural Experiment Station Bulletin, 3rd

edition, 2002.

[61] G. B. Popov, L. D. McComie, and M. H. Launois-Luong,

“The Moruga grasshopper in Trinidad Coscineuta virens

(Thunberg 1815) (Acrididae: Proctolabinae),” Journal of

Orthoptera Research, vol. 2, pp. 49-60, 1994.

[62] L. C. Kuitert and R. V. Connin, “Biology of the American

grasshopper in the southeastern United States,” The Florida

Entomologist, vol. 35, no. 1, pp. 22-33, 1952.

[63] G. A. Sword, “To be or not to be a locust? A comparative

analysis ofbehavioral phase change in nymphs of Schistocerca

americana and S. gregaria,” Journal of Insect Physiology, vol.

49, no. 7, pp. 709-717, 2003.

[64] A. W. Harvey, “Hybridization studies in the Schistocerca

americana complex. I. The specific status of the Central

American Locust,” Biological Journal of the Linnean Society,

vol. 12, no. 4, pp. 349-355, 1979.

[65] A. Antoniou and C. J. Robinson, “Laboratory studies on

the effect of crowding on phase and the life history of

Schistocerca paliens (Thunberg) (Orthoptera: Acrididae: Cyr-

tacanthacridinae),” Journal of Natural History, vol. 8, pp.

701-715, 1974.



14 Psyche

[66] N. P. Duck, “The bionomics of Schistocerca obscura (Fabr)

Journal of the Kansas Entomological Society

,

vol. 17, no. 3, pp.

105-119, 1944.

[67] D. K. M. Kevan, “An account of Schistocerca flavofasciata (De

Geer 1773) in Trinidad (Orthoptera: Acrididae),” Bulletin of

Entomological Research , vol. 34, pp. 291-310, 1943.

[68] C. H. F. Rowell and T. L. Cannis, “Environmental factors

affecting the green/brown polymorphism in the cyrtacan-

thacridine grasshopper Schistocerca vaga (Scudder),” Acrida

,

vol. l,pp. 69-77, 1971.

[69] G. A. Sword, “Density-dependent warning coloration,”

Nature, vol. 397, no. 6716, p. 217, 1999.

[70] G. H. Schmidt and R. Albiitz, “Identification of solitary

and gregarious populations of the desert Locust, Schistocerca

gregaria, by experimental breeding (Caelifera: Acrididae),”

Entomologia Generalise vol. 24, no. 3, pp. 161-175, 1999.

[71] G. A. Sword, “A role for phenotypic plasticity in the evolution

of aposematism,” Proceedings of the Royal Society B: Biological

Sciences, vol. 269, no. 1501, pp. 1639-1644, 2002.

[72] A. Yassin, C. Amedegnato, C. Cruaud, and M. Veuille,

“Molecular taxonomy and species delimitation in Andean

Schistocerca (Orthoptera: Acrididae),” Molecular Phylogenet-

ics and Evolution , vol. 53, no. 2, pp. 404-411, 2009.

[73] V. M. Hernandez-Velazquez, A. M. Berlanga- Padilla, and

E. Garza-Gonzalez, “Deteccion de Metarhizium flavoviride

sobre Schistocerca piceifrons piceifrons (Orthoptera:Acri-

didae) en la Isla Socorro, Archipielago de Revillagigedo,

Mexico,” Vedalia, vol. 4, pp. 45-46, 1997.

[74] H. Song, D. B. Weissman, L. Barrientos-Lozano, and Z.

Cano-Santana, “The Locust island,” American Entomologist,

vol. 52, no. 3, pp. 168-181, 2006.

[75] P. Kohler, “Ecologia de la zona central y de gregarisacion de

la langosta en la Republica Argentina,” Idia Supplement, vol.

7, pp. 1-108, 1962.

[76] D. M. Hunter and E. L. Cosenzo, “The origin of plagues and

recent outbreaks of the South American locust, Schistocerca

cancellata (Orthoptera: Acrididae) in Argentina,” Bulletin of

Entomological Research, vol. 80, no. 3, pp. 295-300, 1990.

[77] S. H. Scudder, “The Orthopteran genus Schistocerca,” Pro-

ceedings of the American Academy of Arts and Sciences, vol.

34, pp. 439-476, 1899.

[78] B. P. Uvarov, “A revision of the Old World Cyrtacanthacrini

(Orthoptera, Acrididae) I. Introduction and key to genera,”

The Annals and Magazine of Natural History, vol. 9, no. 11,

pp. 130-145, 1923.

[79] V. M. Dirsh,
“
Patanga Uvarov, 1923 (Insecta, Orthoptera):

proposed designation of a type-species under the plenary

powers Z.N.(S.) 1761,” Bulletin of Zoological Nomenclature,

vol. 23, no. 5, pp. 235-238, 1966.

[80] B. P. Uvarov, “Comments on application by V.M. Dirsh

regarding the type species ofPatanga Uvarov. Z.N.(S.) 1761,”

Bulletin of Zoological Nomenclature, vol. 24, pp. 132-135,

1967.

[81] R. V. Melville, “Review of the case concerning the generic

names Patanga Uvarov, 1923, and Valanga Uvarov, 1923

(Insecta, Orthoptera) Z.N.(S.) 1761,” Bulletin of Zoological

Nomenclature, vol. 26, no. 2, pp. 78-83, 1969.

[82] R. V. Melville, “Opinion 998. Gryllus Locusta succinctus Lin-

naeus, 1763 (Insecta, Orthoptera: neotype designated under

the plenary powers,” Bulletin ofZoological Nomenclature, vol.

30, pp. 77-79, 1973.

[83] V. M. Dirsh, “The species and synonymy of the genus Cyrta-

canthacris (Orth., Acrididae),” European Optical Society, vol.

53, pp. 35-50, 1979.

[84] N. D. Jago, “The genus Nomadacris Uvarov, 1923 and its

recent incorrect synonymy under Cyrtacanthacris Walker,

1870 (Acrididae, Cyrtacanthacridinae), with new nomen-

clatural changes in the Patanga-Nomadacris-Austracris Com-
plex,” Plant Protection Bulletin, vol. 33, no. 3-4, pp. 39-43,

19891.

[85] K. H. L. Key and N. D. Jago,
“
Nomadacris Uvarov, 1923

(Insecta, Orthoptera): proposed conservation by setting aside

the first-reviser action of Jago, 1981. Z.N.(S.)2525,” Bulletin

ofZoological Nomenclature, vol. 43, no. 1, pp. 102-104, 1986.

[86] K. H. L. Key and D. C. F. Rentz, “On the scientific name of the

Australian ”Spur-throated locust” (Orthoptera: Acrididae),”

Journal of the Australian Entomological Society, vol. 33, pp.

345-346, 1994.

[87] G. F. Burnett, “Observations on the life-history of the red

locust, Nomadacris septemfasciata (Serv.) in the solitary

phase,” Bulletin of Entomological Research, vol. 42, pp. 473-

490, 1951.

[88] G. F. Burnett, “Field observations on the behaviour of the

red locust (Nomadacris septemfasciata Serville) in the solitary

phase,” Anti-Locust Bulletin, vol. 8, pp. 1-36, 1951.

[89] R. F. Chapman, “Field observations on the behaviour ofhop-

pers of the red locust (Nomadacris septemfasciata Serville),”

Anti-Locust Bulletin, vol. 33, pp. 1-51, 1959.

[90] G. J. W. Dean, “Observations on the structure of hop-

per bands and movement of hoppers of the red locust

(Nomadacris septemfasciata Serville),” Journal of the Entomo-

logical Society of Southern Africa, vol. 30, no. 1, pp. 1-17,

1967.

[91] G. J. W. Dean, “Studies of factors affecting the formation of

hopper bands of the red locust (Nomadacris septemfasciata )

in an outbreak area,” The Journal ofApplied Ecology, vol. 5,

no. 2, pp. 273-290, 1968.

[92] A. Franc and M. H. Luong-Skovmand, “Life cycle, repro-

ductive maturation, and wing color changes in Nomadacris

septemfasciata (Orthoptera: Acrididae) in Madagascar,” Envi-

ronmental Entomology, vol. 38, no. 3, pp. 569-576, 2009.

[93] J. Roffey, “Locusts and grasshoppers ofeconomic importance

in Thailan,” Anti-Locust Memoir, vol. 14, pp. 1-200, 1979.

[94] D. R. Bhatia and M. V. Venkatesh, “Some observations on the

Bombay locust, Patanga succincta (Linn.) in India,” Indian

Journal ofEntomology, vol. 31, no. 4, pp. 297-310, 1969.

[95] R. J. Douthwaite, “Behaviour of nymphs of the Bombay
locust, Patanga succincta (L.), in Thailand,” Acrida, vol. 5, pp.

261-266, 1976.

[96] G. L. Baker, Locusts and Grasshoppers ofthe Australian Region,

The Orthopterists’ Society, Quebec, Canada, 1993.

[97] D. M. Hunter, P. W. Walker, and R. J. Elder, “Adaptations of

locusts and grasshoppers to the low and variable rainfall of

Australia,” Journal of Orthoptera Research, vol. 10, no. 2, pp.

347-351,2001.

[98] V. M. Dirsh and B. P. Uvarov, “Tree locusts of the genus

Anacridium (Orthoptera, Acrididae),” European Optical Soci-

ety, vol. 29, pp. 7-69, 1953.

[99] M. Fries, W. Chapco, and D. Contreras, “A molecular

phylogenetic analysis of the Oedipodinae and their intercon-

tinental relationships,” Journal of Orthoptera Research, vol.

16, no. 2, pp. 115-125,2007.

[100] M. C. Todd, R. Washington, R. A. Cheke, and D. Kniveton,

“Brown locust outbreaks and climate variability in southern

Africa,” Journal ofApplied Ecology, vol. 39, no. 1, pp. 31-42,

2002.

[101] B. P. Uvarov, “A revision of the genus Locusta, L. (=

Pachytylus, Fieb.), with a new theory as to the periodicity and



Psyche 15

migrations oflocusts,” Bulletin ofEntomological Research, vol.

12, pp. 135-163, 1921.

[102] J. M. Ritchie, “A taxonomic revision of the genus Oedaleus

Fieber (Orthoptera: Acrididae),” Bulletin of the British

Museum (Natural History) Entomology, vol. 42, no. 3, pp. 83-

183, 1981.

[103] I. H. Maiga, M. Lecoq, and C. Kooyman, “Ecology and man-

agement of the Senegalese grasshopper Oedaleus senegalensis

(Krauss 1877) (Orthoptera: Acrididae) in West Africa: review

and prospects,” Annales de la Societe Entomologique de France,

vol. 44, no. 3, pp. 271-288, 2008.

[104] A. Batten, “The Senegalese grasshopper Oedaleus senegalensis

Krauss,” Journal ofApplied Ecology, vol. 6, pp. 27-45, 1969.

[105] J. M. Ritchie, “Melanism in Oedaleus senegalensis and other

oedipodines (Orthoptera, Acrididae),” Journal of Natural

History, vol. 12, pp. 153-162, 1978.

[106] M. Launois and M. H. Launois-Luong, The Senegalese

Grasshopper, Oedaleus Senegalensis (Krauss 1877), in West

Africa, The Orthopterists’ Society, Quebec, Canada, 1991.

[107] L. Kang, X. Han, Z. Zhang, and O. J. Sun, “Grassland

ecosystems in China: review of current knowledge and

research advancement,” Philosophical Transactions of the

Royal Society B: Biological Sciences, vol. 362, no. 1482, pp.

997-1008, 2007.

[108] A. J. Cease, S. Hao, L. Kang, J. J. Elser, and J. F. Harrison,

“Are color or high rearing density related to migratory

polyphenism in the band-winged grasshopper, Oedaleus

asiaticusN Journal of Insect Physiology, vol. 56, pp. 926-936,

2010.

[109] J. M. Ritchie, “A taxonomic revision of the genus Gastrimar-

gus Saussure (Orthoptera: Acrididae),” Bulletin of the British

Museum (Natural History) Entomology, vol. 44, no. 4, pp.

239-329, 1982.

[110] A. P. L. Commission,
“
Australian Plague LocustJ 2010,

http://www.daff.gov.au/animal-plant-health/locusts/about/

australia.

[111] C. Willemse, “On a collection of Orthoptera from the

Sumba Islands (Indonesia). Wissenschaffliche Ergebnisse der

Sumba-Expedition des Museums fur Volkerkunde unde des

Naturhistorischen Museums in Basel, 1949,” Verhandlungen

der Naturforschenden Gesellschaft in Basel, vol. 64, no. 1, pp.

89-104, 1953.

[112] D. Hollis, “New combinations affecting the genus Aiolopus

(Orthoptera: Acridoidea) and a description of a related new
genus and species from Australia,” Journal ofNatural History,

vol. 1, pp. 157-162, 1967.

[113] D. A. Cullen, G. A. Sword, T. Dodgson, and S. J. Simpson,

“Behavioural phase change in the Australian plague locust,

Chortoicetes terminifera, is triggered by tactile stimulation of

the antennae,” Journal of Insect Physiology, vol. 56, pp. 937-

942, 2010.

[114] D. Hollis, “A revision of the genus Aiolopus Fieber

(Orthoptera: Acridoidea),” Bulletin of the British Museum
(Natural History) Entomology, vol. 22, no. 7, pp. 309-355,

1968.

[115] R. J. V. loyce, “The ecology of grasshoppers in east central

Sudan,” Anti-Locust Bulletin, vol. 11, pp. 1-99, 1952.

[116] M. G. Sergeev and I. A. Van’kova, “Dynamics of the Italian

locust Calliptamus italicus L. population in the southwest of

the west Siberian plain,” Contemporary Problems of Ecology,

vol. 1, no. 2, pp. 204-209, 2008.

[117] A. V. Latchininsky, “Moroccan locust Dociostaurus maroc-

canus (Thunberg, 1815): a faunistic rarity or an important

economic pest?” Journal of Insect Conservation, vol. 2, no. 3-

4, pp. 167-178, 1998.

[118] E. Quesada-Moraga and C. Santiago-Alvarez, “Rearing and

breeding of the Moroccan locust Dociostaurus maroccanus

(Thunberg) (Orthop., Acrididae) under laboratory condi-

tions,” Journal ofApplied Entomology, vol. 125, no. 3, pp. 121—

124, 2001.

[119] L. F. H. Merton, “Studies in the ecology of the Moroccan

locust (Dociostaurus maroccanus Thunberg) in Cyprus,”

Anti-Locust Bulletin, vol. 34, pp. 1-123, 1959.

[120] M. Lecoq, A. Foucart, and G. Balan<;a, “Behaviour of

Rhammatocerus schistocercoides (Rehn, 1906) hopper bands

in Mato Grosso, Brazil (Orthoptera : Acrididae : Gompho-
cerinae),” Annales de la Societe Entomologique de France, vol.

35, no. 2, pp. 217-228, 1999.

[121] M. Lecoq and I. Pierozzi Jr., “Flight behaviour of Rhamma-
tocerus schistocercoides (Rehn, 1906) swarms in the state of

Mato Grosso in Brazil (Orthoptera : Acrididae, Gomphoceri-

nae),” Annales de la Societe Entomologique de France, vol. 32,

no. 3, pp. 265-283, 1996.

[122] M. Lecoq and I. Pierozzi Jr., “Chromatic polymorphism

and geophagy: two outstanding characteristics of Rham-
matocerus schistocercoides (Rehn 1906) grasshoppers in

Brazil [Orthoptera, Acrididae, Gomphocerinae],” Journal of

Orthoptera Research, vol. 5, pp. 13-17, 1996.

[123] J. A. Lockwood, Locust: The Devastating Rise and Mysterious

Disappearance ofthe Insect that Shaped the American Frontier,

Basic Books, New York, NY, USA, 2004.

[124] J. C. Faure, “The phases of the Rocky Mountain locust

Melanoplus mexicanus (Saussure),” Journal of Economic

Entomology, vol. 26, pp. 706-718, 1933.

[125] U. S. G. Survey, “First Annual Report of the United States

Entomological Commission for the year 1877 relating to the

Rocky Mountain Locust and the best methods of preventing

its injuries and ofguarding against its invasions, in pursuance

of an appropriation made by congress for this purpose,”

Government Printing Office, Wahsington, 1878.

[126] J. R. Parker, R. C. Newton, and R. L. Shotwell, “Observa-

tions on mass flights and other activities of the migratory

grasshopper,” UDSA Technical Bulletin 1109, 1995, pp.1-46.

[127] D. C. Eades, D. Otte, M. M. Cigliano, and H. Braun,

“Orthoptera Species File Online,” Version 2.0/4.0, 2010,

http://Orthoptera. SpeciesFile.org.

[128] G. Huo, G. Jiang, Z. Sun, D. Liu, Y. Zhang, and L.

Lu, “Phylogenetic reconstruction of the family Acrypteri-

dae (Orthoptera: Acridoidea) based on mitochondrial

cytochrome B gene,” Journal of Genetics and Genomics, vol.

34, no. 4, pp. 294-306, 2007.

[129] H. Wang and R. V. Varma, Insect Pests ofBamboos in Asia—An
Illustrated Manual, International Network for Bamboo and

Rattan, 1998.

[130] H.-Y. Mao, “Relation between the occurence and environ-

mental factors of the yellow-spined bamboo locust,” Acta

Phytophylacica Sinica, vol. 2, no. 1, pp. 88-94, 1963.

[131] N. P. Peng, “Biological notes on the bamboo-locust ( Ceracris

kiangsu Tsai) of Hunan, China,” Acta Entomologica Sinica,

vol. 188, pp. 188-200, 1958.

[132] K. Shen, H.-J. Wang, L. Shao et al., “Mud-puddling in the

yellow-spined bamboo locust, Ceracris kiangsu (Oedipodi-

dae: Orthoptera): does it detect and prefer salts or nitroge-

nous compounds from human urine?” Journal of Insect

Physiology, vol. 55, no. 1, pp. 78-84, 2009.



16 Psyche

[133] C.-H. Zhu, Z.-J. Zhu, and Z.-D. Wu, “Experiment of Ceracris

kiansu control with medicated urine,” Journal of Zhejiang

Foresty Science and Technology, vol. 25, no. 5, pp. 32-33, 2005.

[134] C. H. F. Rowell and P. K. Flook, “A dated molecular phylogeny

of the Proctolabinae (Orthoptera, Acrididae), especially the

Fithoscirtae, and the evolution of their adaptive traits and

present biogeography,” Journal of Orthoptera Research, vol.

13, no. 1, pp. 35-56, 2004.

[135] K. H. F. Key, “A critique on the phase theory of locusts,” The

Quarterly Review ofBiology, vol. 25, no. 4, pp. 363-407, 1950.

[136] D. R. Brooks and D. A. McFennan, Phylogeny, Ecology, and

Behavior: A Research Program in Comparative Biology, The

University of Chicago Press, Chicago, 111, USA, 1991.

[137] S. J. Simpson, E. Despland, B. F. Hagele, and T. Dodgson,

“Gregarious behavior in desert locusts is evoked by touching

their back legs,” Proceedings of the National Academy of

Sciences of the United States of America, vol. 98, no. 7, pp.

3895-3897, 2001.

[138] D. Bensasson, D.-X. Zhang, and G. M. Hewitt, “Frequent

assimilation of mitochondrial DNA by grasshopper nuclear

genomes,” Molecular Biology and Evolution, vol. 17, no. 3, pp.

406-415, 2000.

[139] H. Song, J. E. Buhay, M. F. Whiting, and K. A. Crandall,

“Many species in one: DNA barcoding overestimates the

number of species when nuclear mitochondrial pseudogenes

are coamplified,” Proceedings of the National Academy of

Sciences of the United States ofAmerica, vol. 105, no. 36, pp.

13486-13491, 2008.

[140] G. A. Sword, F. B. Senior, J. F. Gaskin, and A. Joern, “Dou-

ble trouble for grasshopper molecular systematics: intra-

individual heterogeneity of both mitochondrial 12S-valine-

16S and nuclear internal transcribed spacer ribosomal DNA
sequences in Hesperotettix viridis (Orthoptera: Acrididae),”

Systematic Entomology, vol. 32, no. 3, pp. 420-428, 2007.



Hindawi Publishing Corporation

Psyche

Volume 2011, Article ID 324130, 9 pages

doi:10.1 155/201 1/324130

Review Article

Distribution Patterns of Grasshoppers and Their Kin in

the Boreal Zone

Michael G. Sergeev1,2

1 Department ofGeneral Biology and Ecology, Novosibirsk State University, 2 Pirogova Street, Novosibirsk 630090, Russia
2 Laboratory ofInsect Ecology, Institute ofSystematics and Ecology ofAnimals, Siberian Branch, Russian Academy ofSciences,

1 1 Frunze Street, Novosibirsk 630091, Russia

Correspondence should be addressed to Michael G. Sergeev, mgs@fen.nsu.ru

Received 1 August 2010; Accepted 17 September 2010

Academic Editor: Alexandre Latchininsky

Copyright © 201 1 Michael G. Sergeev. This is an open access article distributed under the Creative Commons Attribution License,

which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The distribution patterns of Orthoptera are described for the boreal zone. The boreal fauna of Eurasia includes more than 81

species. Many of them are widely distributed. The monotypic genus Paracyphoderris Storozhenko and at least 13 species are

endemics or subendemics. About 50 species are known from boreal North America. Four endemic species are distributed very

locally. Relationships between the faunas of the Eurasian and North American parts of the boreal zone are relatively weak. The

boreal assemblages are usually characterized by the low levels of species diversity and abundance. Grasshoppers and their relatives

occupy almost exclusively open habitats, such as different types of meadows, mountain steppes and tundras, clearings, openings,

bogs, and stony flood plains. The local endemics and subendemics are found only in some habitats of the eastern part of Eurasia

and the north-western part ofNorth America. Retrospective and prospective of the boreal fauna of Orthoptera are also discussed.

1. Introduction

The boreal zone is the huge area in the Northern Hemi-

sphere where the coniferous forests form the main type

of vegetation [1], average temperatures are relatively low

(mean temperatures of the warmest month vary from

6.5°C to 19°C, the same for the coldest month, from

-6°C to -49° C), and annual precipitation varies from

relatively high near Atlantic and Pacific oceans (more than

1600 mm per year) to very low in the inner parts of the

continents (less than 200 mm) [2]. From the ecogeographic

point of view, in Eurasia, this life zone almost corresponds

with the so-called taiga area [1, 2]. In North America,

it occupies the significant part of the so-called Spruce-

Caribou Biome [3] and almost corresponds to the united

boreal life zone sensu Merriam [4]. From the zoogeographic

point of view, in Eurasia, the boreal zone almost coincides

with the Eurosiberian Region (or Subregion) (without the

Subarctic and Arctic areas) erected mainly on the basis of

the species distribution analysis [5-8]. In North America, it

more or less coincides with the so-called Canadian Region

[5].

The climatic conditions and dominated coniferous forest

habitats are not comfortable for most grasshoppers and their

relatives. The general level of their diversity is relatively low

[7, 9-12]. Ecological peculiarities and adaptations of most

species associated with the boreal zone are almost unknown

[9, 11]. There are no species inhabiting coniferous trees and

shrubs. Almost all forms prefer openings with herbaceous

vegetation and meadows. Several species (mainly from the

tribe Melanoplini and some widely distributed katydids)

usually settle shrubs along forest edges [9, 13, 14]. A few

forms prefer herbaceous microhabitats under a coniferous

forest canopy. Among them are Podismopsis silvestris Storozh.

[15] and, in some parts of its range, Prumna primnoa

(F.d.W.) (our unpublished data). Many species are univoltine

with overwintering eggs, but in North America several forms

are semivoltine: they pass the first cold season as eggs and

the second as hoppers [16]. Their development is limited by

a relatively short warm season. This results in more or less

simultaneous development of almost all species
[
13] . Besides

that, many local grasshoppers prefer to lay egg pods on leaves,

in leaf axils, grass stems, rotten woods, leaf litter, and in the

upper soil layer [11, 13, 14, 17].
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Uvarov [13] emphasized that the boreal area can be

regarded as devoid of grasshoppers. However, there are

different types of meadows, openings, and bogs that can

be settled by some species. Beside that, mountains are well

developed in different parts of the boreal zone, especially

in the eastern part of Eurasia and in the western part

of North America. A complicated relief of the mountain

systems provides a level of landscape diversity comfortable

for many grasshoppers and their kin. There are many dry

and warm habitats with steppe -like vegetation, especially

along southern slopes of ridges, and alpine and subalpine

meadows, often with shrubs, above the timberline. As a

result, the boreal zone is populated by both endemic taxa

and extremely abundant species which can form outbreaks

during droughts. The main aim of this paper is to establish

general patterns of Orthoptera distribution in the boreal

zone.

2. Methods and Materials

Both qualitative and quantitative data were used. The

analysis of geographic distribution was based on published

and unpublished species range maps. Species data points for

Eurasian Orthoptera were plotted onto base maps, usually on

a scale of 1 : 25,000,000. My own collections, the collections

of different museums, and published data were used [6,

7]. Besides, several maps published by Albrecht [18] for

Fennoscandia were adopted. I also analyzed the published

species range maps of North American Orthoptera [10, 11,

16, 19, 20],

The analysis of ecological distribution was based on

quantitative samples collected in natural and seminatural

habitats. Samples captured during a fixed period oftime were

made in every habitat investigated [6,21]. Using this method,

insects were caught with a standard net over a period of

10-30 minutes. Results for every habitat were recalculated

for an hour. This method allowed us to obtain repeatable

and comparable results for different regions and years. These

samples were collected in some parts of the Eurasian boreal

zone by the expeditions of the Department of General

Biology and Ecology (Novosibirsk State University) and the

Laboratory of Insect Ecology (Institute of Systematics and

Ecology of Animals) from 1972 to 2003. Several published

papers [14, 15, 22-28] describing orthopteran assemblages

in different parts of the boreal zone were also used.

3. Geographic Distribution

The general distribution of grasshoppers and their kin in

the Holarctic Region reflects the southern thermophilic

character of these insects and their common association with

open habitats, such as different grasslands, openings, bogs,

and so forth [7, 11-13]. Grasshoppers are not typical of

the tundra life zone [16, 29, 30] although a few species

occur in the southern tundra and forest tundra. The only

species penetrating in the northern tundra ofNorth America

is Aeropedellus arcticus Heb. [19]. The most common
grasshopper of the tundra as a whole is Melanoplus frigidus

(Boh.). The fauna of the boreal life zone includes about 130

species of Orthoptera. Many of them are distributed only in

its southern part. Hundreds of species are found southwards,

in the nemoral (broad-leaf) forest, steppe, and prairie life

zones [7].

Bey-Bienko [9] analyzed the general distribution patterns

of Orthoptera in the boreal zone of the former USSR. He
noted occurrence of 31 species in its western part and

44 in the eastern one (51 species in total). Prevalence of

species preferring grass layers of local ecosystems was also

emphasized. Bey-Bienko described some differences between

orthopteran distribution patterns in the western (where dark

coniferous forests dominate) and eastern (mainly with light

coniferous forests) taiga. In the western part, grasshoppers

usually settle openings and bogs. In the eastern part, local

species settle both the same set of habitats as in the western

taiga and more or less dry plots (steppes, dry meadows), but

often on the higher level of abundance. They also can survive

winters with very low temperatures.

The fauna of the boreal part of Eurasia includes more

than 81 species of Orthoptera, about 3/4 of them are the

members of the family Acrididae. Many species are widely

distributed in the boreal zone of Eurasia, usually from

Atlantic Ocean to the Pacific one (Figures 1 and 2). Among
them are Podisma pedestris (L.), Melanoplus frigidus, Aeropus

sibiricus (L.), Aeropedellus variegatus (F.d.W.), Stethophyma

grossum (L.), Bryodema tuberculatum (F.), Chrysochraon

dispar (Germ.), Omocestus haemorrhoidalis (Charp.), O.

viridulus (L.), Chorthippus montanus (Charp.), Ch. albo-

marginatus (Deg.), Metrioptera brachyptera (L.), Decticus

verrucivorus (L.), Tetrix subulata (L.), and T. fuliginosa

(Zett.). Besides, there are many species which populate either

the western (European) part of the zone {Chorthippus pullus

(Phil.), Oedipoda caerulescens (L.), Sphingonotus caerulans

(L.), Tetrix undulata (Sow.), and Pholidoptera griseoaptera

(Deg.)), or the southern Siberian Mts. {Montana tomini

(Pyln.), Stenobothrus eurasius Zub., and Bryodema holdereri

Kr.), or its eastern part {Zubovskya koeppeni (Zub.), Chor-

thippus fallax (Zub.), Sphagniana ussuriana (Uv.), and Tetrix

japonica (I. Bol.)) (Figures 1-3). They often occur in the

northern parts of the taiga and, in some cases, penetrate in

the tundra, especially either in the European or Beringian

ones. The sparse local populations of the Migratory locust

{Locusta migratoria L.) are also found in the European taiga

area
[ 18] . Almost all widely distributed species are associated

with either the subboreal areas (especially with the forest-

steppes, steppes and semideserts in the inner territories of

Eurasia) or the deciduous forest life zone of Europe or

the Far East. In the boreal zone, they often settle very dry

habitats, for example, openings in pine forests on sandy

soils. Some widely distributed grasshoppers (e.g., Aeropus

sibiricus, Melanoplus frigidus, and Podisma pedestris) have

isolated populations in the mountains of south temperate

Eurasia (from Pyrenees to Central Asia) (Figure 2) [31, 32].

The genus Paracyphodenis Storozhenko (with one

species

—

P. erebeus Storozhenko) (Figure 1) and at least 13

species are endemics or subendemics of the boreal zone

of Eurasia. All of them are distributed only in its eastern

part. Some endemic species have relatively broad ranges
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Figure 1: Distribution of Arphia conspersa (1), Sphagniana sphagnorum (2), Aeropodellus arcticus (3), Xanthippus brooksi (4), Tetrix

fuliginosa (5), Chorthippus fallax (6), Ch. shantariensis (7), and Paracyphodenis erebeus (8) relative to the boreal zone (cross-

hatching) (see text and references for details). The boundaries of the boreal zone based on [1, 2, 5] with some minor changes

and simplification. The basic map is “Northern Hemisphere of Earth (Lambert Azimuthal projection)” by Sean Baker from

http://commons.wikimedia.org/wiki/file:Northern_Hemi- sphere_LamAz.png, under the CC-by-2.0 license.

(usually from the Enisej River basin to Pacific ocean):

Prumna polaris Mir., Zubovskya koeppeni, Podismopsis jacuta

Mir., and P. gelida Mir. (Figures 2 and 3). Their local

populations can be usually found in the mountains of South

Siberia and Mongolia and in the southern tundra of north-

eastern Siberia. The others are distributed locally (Prumna
specialis (Mistsh.), P. arctica (Zhang et Jin), P. montana

(Storozhenko), Chrysochraon amurensis Mistsh., Podismop-

sis silvestris, P. insularis Mistsh., Chorthippus shantariensis

Mistsh., and Paracyphoderris erebeus) (Figures 1-3). Among
them are both insular (Podismopsis silvestris—Sakhalin, P.

insularis and Chorthippus shantariensis—Shantar Islands)

and montane endemics (Prumna specialis, P. montana—
Sihote-Alin, and P. arctica—Greater Khingan). It is interest-

ing that the majority of endemics are from two acridid tribes:

Melanoplini (Figure 2) and Chrysochraontini (Figure 3).

Besides, in the southern part of the Russian Far East, there

are two montane endemics, namely, Hypsopedes kurentzovi

B.-Bienko and Prumna kurentzovi (Mistsh.), which have

populations outside the boundaries of the boreal zone, but

above the timberline. All endemics have relatively short or

no wings. Hence, their possibility to migrate is very limited.

Thus, in the boreal zone of Eurasia, the main area of

diversity and endemism of Orthoptera is in the eastern

(Pacific) part. Its endemics are mainly close relatives of forms

associated with the Manchurian Subregion [7].

The general patterns of Orthoptera distribution in North

America were described by Vickery [10] and Kevan [33].

Both authors noted that there are several widely distributed

species, mainly from Acrididae and Tetrigidae. Vickery [10]

emphasized that only a few species are found in the tundra

of this continent. More than 50 species are known from the

boreal zone of North America [10, 11, 19, 20, 34]. About

57% are members of the family Acrididae. There are at

least 5 species of crickets (both Gryllinae and Nemobiinae).

Another specific feature is presence of several species of the

genus Melanoplus Stal.

Many species are widely distributed in the boreal

zone of North America, usually from Pacific Ocean to

the Atlantic one. Among them are Stethophyma gracile

(Scudd.), S. lineatum (Scudd.), Chloealtis conspersa (Har-

ris), Ch. abdominalis (Thomas), Chorthippus curtipennis

(Harris), Pardalophora apiculata (Harris), Camnula pellucida

(Scudd.), Trimerotropis verruculata (Kirby), Melanoplus bore-

alis (Fieb.), M. fasciatus (F. Walk.), M. sangunipes (Fabr.),

and Tetrix subulata (F.) (Figures 2 and 3). They often

occur in the northern parts of the taiga and, in some

cases, penetrate in the tundra. Aeropedellus articus is almost
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Figure 2: Distribution of the Melanoplini grasshoppers: Melanoplus borealis (1), M. firgidus (2), M. gaspesiensis (3), M. madeleineae (4),M
gordonae (5), Prumna polaris (6), P. specialis and P. montana (7), P. arctica (8), and P. kurentzovi (9) relative to the boreal zone.

unique grasshoppers penetrating in the northern tundra of

north-western North America (Figure 1). Almost all widely

distributed species are associated either with the subboreal

areas, especially with the prairies and forest-prairies in the

inner territories of North America, or with the mixed and

deciduous forest areas of the Atlantic coast (Figures 2 and 3).

Besides, there are several species which occupy the western

part of the zone (Arphia conspersa Scudd. and Encoptolophus

costalis Scudd.) (Figure 1).

Two North American species may be characterized as

subendemics of the boreal zone with relatively broad ranges.

Aeropedellus arcticus is distributed in the north-western

part of the continent (Figure 1). This grasshopper prefers

different tundra habitats [16]. The second species is the

katydid Sphagniana sphagnorum (F. Walk.) which occurs in

the central part of the boreal life zone. The main part of

the range of Xanthippus brooksi Vickery (Figure 1) is in the

western part of the boreal zone, but the local population is

found near the delta ofthe Mackenzie River, outside this zone

[10, 16]. Four endemic species are distributed very locally.

Melanoplus gordonae Vickery is found in the vicinities of

Fairbanks (Alaska) (Figure 2). Bruneria yukonensis Vickery

is distributed in the southern part of Yukon [16, 28].

Melanoplus gaspesiensis Vickery and M. madeleineae Vickery

and Kevan are limited by the small territories on the

Atlantic coast (Figure 2). The latter occupies the Magdalen

Islands. Both species are close to M. borealis [35]. Unlike

the endemics of boreal Eurasia, the North American have

either short or well developed wings (Xanthippus brooksi and

Melanoplus gordonae).

Thus, in the boreal zone of North America, the two very

weak regions of Orthoptera endemism are in the western

and eastern parts. Their relatives are quite different from

the zoogeographic and taxonomic points of view and occur

in boreal and subboreal Eurasia (Sphagniana sphagnorum

and Aeropedellus arcticus ), in the Great Plains and the Rocky

Mountains (Xanthippus brooksi and Bruneria yukonensis),

and in the temperate areas of North America (Melanoplus

gordonae). Compared to the fauna of the boreal Eurasia,

the local fauna of Orthoptera looks like impoverished. The

main reasons of this distinction can be significant difference

both in the areas occupied by the boreal zone in North

America and Eurasia (correspondingly about 5.4 X 106 and

8.4 X 106 km2
, based on soil distribution patterns [36])

and in the Pleistocene history of the regions. For instance,

during the last glacial maximum, the northern half of North

America was covered by the ice sheet (except some areas in

Beringia) [37]. On the contrary, in Eurasia, the Asian part

was almost free from plain ice sheets, but relatively small

ice sheets developed in mountains and in the north-western

part. These reasons do not exclude one another.

Relationships between the orthopteran faunas of the

Eurasian and North American parts of the boreal zone

are relatively weak, but they are more significant than

for the whole Palaearctic and the whole Nearctic Regions.

There are only two common species: Tetrix subulata and
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Melanoplusfrigidus (except invasive forms, such as Roeseliana

roeselii (Hagen.)). Moreover, Melanoplus frigidus occurs

only in the north-western part of North America. Several

North American species have close relatives in Eurasia:

Chorthippus curtipennis is the member of the Chorthippus

parallelus group, and Aeropedellus arcticus is similar to

Ae. variegatus. Besides, there are some common genera.

However, these genera can be divided into two groups: the

first includes genera distributed mainly in the Holarctic

area (Stethophyma Fisch., Sphagniana Zeun., and Melanoplus

Stal), and the second one includes genera (Conocephalus

,

Gryllus, Tetrix ) widely distributed in both the temperate and

tropical regions. Relationships between genera (e.g., Brune-

ria—Stenobothrus, Chloealtis Harris

—

Chrysochraon Fisch.,

Ageneotettix McNeil

—

Dociostaurus Fieb.) are not so evident

and should be discussed after taxonomic revisions of these

groups.

4. Ecological Distribution

The general pattern of ecological distribution of boreal

Orthoptera is relatively simple: they prefer different types

of meadows, steppes, edges, openings, river valleys, and

bogs. However, the quantitative data concerning ecological

distribution and assemblages of these insects in the boreal

zone are extremely limited. There are several publications

for different parts of Eurasia and only one paper for North

America.

Bey-Bienko [22] was the first orthopterist who described

assemblages of Orthoptera in the boreal zone, in the eastern

part of West Siberian Plain. He noted the low levels of

diversity (4-9 species) in all habitats and relatively high levels

of abundance of Chorthippus albomarginatus, Glyptobothrus

biguttulus (F.), and Aeropus sibiricus at the dry openings

of the local pine forests on sandy soils. The main species

over the flood plain meadows were Tetrix subulata, Stetho-

phyma grossum, and Chorthippus montanus. Bey-Bienko

also emphasized evident localization of all orthopteran

populations.

Chernyakhovskiy [14, 25] described main parameters

for the assemblages of Orthoptera in the middle taiga of

European Russia (Pechoro-Ilychskiy State Reserve). The level

of species diversity is also low (2-11 species). The maximal

numbers of species are found in meadows and clearings.

The minimal diversity is in the lower flood plains and

bogs. Omocestus viridulus and Chorthippus apricarius (E.)

dominate in meadow habitats, whereas Stethophyma grossum

is the most abundant form in bogs.

In the southern taiga of West Siberian Plain, the

orthopteran assemblages investigated include from 3 to

11 species. The general abundance is relatively low. The

maximal numbers of registered species and specimens (up

to 676 per hour) are found on the meadow terraces.

Metrioptera brachyptera (L.), Chorthippus apricarius (E.),

and Glyptobothrus biguttulus are the common dominants

on the plain and terraces. Stethophyma grossum is abundant

in the assemblage of the wet flood plain meadows. The

similar pattern is described by Chernyakhovskiy [24] for the

vicinities of Tomsk.

In the middle taiga of Central Siberia, the level of species

diversity is similar [23]. The local assemblages usually

include several species of grasshoppers. Chorthippus apri-

carius is common in the plain meadow habitats. Tetrix

tenuicornis (Sahib.) dominates in the bog ecosystems. The

maximal number of species (10) is registered on the stony

flood-plains. Glyptobothrus brunneus (Thnb.) [? - M.S.],

Chrysochraon dispar, Aeropus sibiricus, and Podisma pedestris

are abundant here.

The specific, near-polar steppes of north-eastern Yakutia

are mainly inhabited by the widely distributed steppe

grasshopper [27]. The similar situation is in the dry parts

of central Yakutia, in which Chorthippus albomarginatus,

Aeropus sibiricus, Glyptobothrus maritimus, and Omoces-

tus haemorrhoidalis are the most common species over

all meadow and steppe-like habitats. The local openings

are characterized by dominance of Podisma pedestris and

Melanoplus frigidus. This part of the boreal zone is very

specific due to short, but hot and often dry summer season.

After several years with droughts, the general abundance of

grasshoppers may increase significantly. As s result, they can

damage almost all vegetation [38].

In the middle taiga of south Yakutia, the orthopteran

assemblages are relatively diverse and include many species

(from 11 to 27) [26]. This pattern may be determined by

the rather complicated mosaic of mountain slopes, river

valleys, and plateaus. Beside that, this area is near the

northern boundary of the Manchurian Subregion of the

Palaearctic. As a result, some species associated with the

broad-leaf forest life zone penetrate northwards. Podismopsis

gelida and Aeropedellus variegatus are the common species

in the mountain tundra. Dry slopes are mainly inhabited

by Melanoplus frigidus and Gomphocerus rufus (L.). Tetrix

fuliginosa, Melanoplus frigidus, Chrysochraon dispar, and

Podismopsis poppiusi dominate in the different assemblages

in the bog and meadow habitats.

In the boreal part of Sakhalin, Storozhenko [15] found

orthopteran assemblages similar to the continental ones. The

species number varies from 1 to 9. The local populations are

sparse. The endemic Podismopsis silvestris is the only species

inhabiting plots of the spruce forests with green mosses.

This grasshopper is found only here. Another endemic

distributed in the Pacific part of the boreal zone, namely

Aeropus kudia (Caud.), settles all more or less open habitats.

Prumna primnoa and Zubovskya koeppeni are dominants on

openings. Chorthippus intermedius (B.-Bien.) are the most

abundant form in different meadow habitats. Glyptobothrus

maritimus (Mistsh.) dominates on the lower flood plains.

Berman et al. [28] described ecological distribution

and assemblages of grasshoppers in the habitats of the

southern part of Yukon. The levels of species diversity

and abundance are very low. The first varies from 2 to 8

and the later from 18 to 61 specimens per hour. Bruneria

yukonensis and Melanoplus kennicottii Scudd. dominate

in different variants of the sagebrush steppes. M. kenni-

cotti, M. borealis, M. fasciatus (F. Walk.), and Cloealtis

abdominalis are the most abundant grasshoppers in the

different mountain tundra. The local endemics, namely

Bruneria yukonensis and Xanthippus brooksi, are found in
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Figure 3: Distribution of the Chrysochraontini grasshoppers: Chloealtis conspersa (1), Podismopsis gelida (2), P. silvestris (3), P. insularis (4),

and Chrysochraon amurensis (5) relative to the boreal zone.

the steppe habitats. The abundance of the first one is

relatively high.

Thus, compared to the orthopteran assemblages of the

southward territories [39, 40], the assemblages described

from the boreal zone are usually characterized by the low

levels of species diversity and abundance. In this area,

grasshoppers and their relatives occupy almost exclusively

open habitats, such as different types of meadows, mountain

steppes and tundras, clearings, openings, bogs, and stony

flood plains. In the main part of the zone, orthopteran

assemblages are composed from widely distributed species

usually inhabiting the broad variety of life zones and ecosys-

tems. The boreal endemics and subendemics are found only

in some habitats of the eastern part of Eurasia and the north-

western part of North America. However, they are often

abundant and may dominate in local assemblages. In Eurasia,

the local endemics occupy different open habitats, from

the mountain tundras to openings. The only Podismopsis

silvestris is found in the spruce forest
[ 15] . In North America,

the local endemics investigated are associated with the

mountains steppes [28].

5. The Boreal Orthoptera:

Retrospective and Prospective

As one knows, reconstruction of the past of many taxa

faces numerous problems. The most important of them is

the shortage of their fossils. This results in development of

different hypotheses explaining biogeographic and ecological

history of such groups. In the absence of adequate fossil

data, an applicable approach may be based on a complex

analysis of the limiting factors, adaptations to particular

living conditions, and the optimum conditions, which may
be evaluated based on the species range shape and the

population distribution within the range [6, 41, 42]. A
phylogeographic approach also allows us to reconstruct some

important events and processes ofthe past [43-47] . However,

these studies should develop on the basis of integration of

historical geographic and genetic data [47].

The history of the boreal Orthoptera was discussed in a

number of papers. Uvarov [48] noted that the orthopteran

fauna of the northern Palaearctic area, especially in Europe,

was seriously suffered during last glaciations. He also

emphasized the role of “an enormous invasion of strange

fauna swept over Europe from the East” (p. 1519). This

group is associated with the eastern territory of temperate

Asia. Uvarov suggested to call the group “the Angara fauna”

and included in it the group Chorthippi (i.e., Chorthippus

Fieb. and its relatives), the genera Podisma Berth., Melanoplus

Stal, Stethophyma Fisch., Bryodema Fieb., Aeropus Gistl,

Podismopsis Zub., and so forth. He also mentioned some

relationships between the Angara fauna and the faunas of

the southern parts of East Asia. Later Bey-Bienko [9] devel-

oped some Uvarovs idea concerning the Angara fauna of

Orthoptera. He suggested to separate the so-called Siberian

forest meadow group of Orthoptera associated with eastern

part of Siberia. It includes at least Podismopsis poppiusi,

Chorthippus fallax, and Ch. intermedius (B.-Bien.).

Lindroth [49] discussed different aspects of zoogeo-

graphic connections between Europe and North America
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and emphasized their relative weakness. He noted that more

or less evident relationships may be for arctic and subarctic

forms and some taxa at “a lower evolutionary stage.”

Lindroth also showed the extremely significant role of species

invasions due to human activity from Eurasia to North

America and vice versa. Lindroth [49] also discussed different

hypotheses of earlier transatlantic land-connections. He
noted that the continental drift took place too early to trace

their biological consequences for the North Atlantic area.

Vickery [35] described some possible stages and ways

of origination of the North American fauna of Orthoptera.

He noted that the distribution of many Orthoptera taxa

reflects very old, at least the Tertiary, connections between

continents. However, other species, for example, Tetrix

subulata and Melanoplus frigidus, could cross the Bering land

bridge during the Quaternary period. He suggested that such

grasshoppers might survive glaciations (especially the last

one) in Beringia where some refugia with relatively mild and

dry climate existed. Two endemics of the eastern part of the

North American boreal zone look like to evolve (or survive)

in small areas which were unglaciated.

Sergeev [6, 41 ]
noted that the autochthonous component

in the boreal zone of Eurasia is weak and associated with

its eastern territories, which were unglaciated during the

Quaternary period. Usually the autochthonous forms are

close relatives of taxa connected with regions of East Asia

where the broad-leaf forests, both temperate and subtropical,

dominate. The widely distributed species usually inhabit-

ing different meadows and steppes could spread over the

boreal zone during glaciations when open habitats (tundras,

tundra-steppes, and cold steppes) occupied huge territories

in North Asia. Several species mainly associated with the

nemoral zone of the Far East could distribute during

interglacials and the climatic optimum of the Holocene

[6, 9, 41]. Beside that, one should note that some data

for beetles show that spreading rates of terrestrial insects

during glacial-interglacials changes might be enough for

their wide distribution [50] . This means that the main events

determining the modern character of the boreal fauna could

take place during the Quaternary period.

Thus, in the boreal zone, grasshoppers and their kin

represent groups of different origins.

(1) The main part of genera is evidently associated with

the southward areas of each continent. Their species can be

usually interpreted as more or less recent invaders in the

boreal zone, especially in North America. This group also

includes the genera widely distributed in both the New and

Old World (Conocephalus Thnb., Gryllus L., Tetrix Latr.).

(2) Another group of the genera is associated with

the Holarctic Region. These Orthoptera are often cold

resistant. They could distribute over the boreal zone from the

end of the Neogene. However, the molecular phylogenetic

analysis [51] showed that the dispersion time of some

taxa from Eurasia to North America (e.g., the ancestors of

the North American Stethophyma

)

could be considerably

earlier than the estimations published [35] . The interchanges

between Eurasia and North America could take place many
times across the Bering land bridge. Several related genera

(e.g., Bruneria McNeil

—

Stenobothrus Fisch.) demonstrate

relatively old connections (probably, associated with first

glaciations), on the contrary, two species distributed in

North America and Eurasia ( Tetrix subulata, Melanoplus

frigidus ) could cross this bridge during the last glaciations.

The boreal endemics of Eurasia and North America

look like quite different. The first group consists from the

species associated with territories not covered by ice sheets

during the Quaternary period. Although they are ecologically

diverse and prefer various types of habitats (from mountain

tundras to openings and meadows), the nemoral origin of

almost all of them is evident. The differentiation of possible

ancestral forms could be resulted from separation of different

types of the forest landscapes (especially the boreal ones) in

the end of the Neogene. However, the evolution of the several

species of the genus Prumna Motsch. might be determined by

the significant level of isolation of local populations and by

limited dispersal opportunities.

The local endemic of North America can be divided

into two pairs. Origin of both can be explained by the

refugium distribution during the last glaciations. One pair

includes species associated with the north-western part ofthe

continent. The evolution of both forms could take place in

the Beringian refugia [35]. This hypothesis is supported by

data concerning fossil beetles [52]. Two species of the genus

Melanoplus were evidently evolved during the last glaciations

when the areas of their origination remained off ice sheets

[35].

Hence the distribution patterns of the boreal Orthoptera

show that one can estimate the number of stages and

sequence of their evolution and interchanges, but do not

allow us to determine the exact periods of these processes

and the directions of interchanges between two continents.

For instance, the main migration direction of Melanoplus

frigidus is still debatable [35, 44]. However, last comparative

studies of molecular phylogeny of melanopline grasshoppers

showed that the main direction dispersal could be from

South America to Eurasia [45].

One of the principal results of retrospective views on

faunas and populations is the opportunity to forecast their

possible changes in the future. If the trend of global

warming will hold, the boreal zone will shift northwards

and its area will reduce [53, 54]; however, the precipitation

will decrease [54]. This should result in the Orthoptera

distribution pattern. Grasshoppers occupying the boreal

zone will shift the northern boundaries of their ranges

northwards, up to Arctic Ocean. Local endemics may be

eliminated due to high rates of changes. This is especially

important for the high montane forms occurred above

timberline, because their native landscapes will disappear.

Abundance and diversity of other boreal grasshoppers with

isolated populations in mountains and on plain openings

and meadows will potentially decrease down to their full

elimination [55]. On the contrary, some widely distributed

species associated with the steppe and forest steppe life

zones will be able to spread northwards along different

anthropogenic habitats, such as clearings, roadsides, agri-

cultural fields, and pastures [41]. Besides, their abundance

may increase and some of them may become potential

pests.
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A continuing challenge in orthopteran ecology is to understand what determines grasshopper species diversity at a given site. In

this study, the objective was to determine if variation in grasshopper abundance and diversity between 23 sites in western North

Dakota (USA) could be explained by variation in plant species richness and diversity. In this system with relatively low plant

diversity, grasshopper species richness and abundance were not significantly associated with plant species richness in either year.

Although a number of significant associations between plant diversity and grasshopper diversity were found through regression

analyses, results differed greatly between years indicating that plant species richness and diversity did not lead to strong effects on

grasshopper diversity metrics. Plant species richness appears to be too coarse grained to lead to accurate predictions ofgrasshopper

species richness in this system dominated by generalist grasshopper species.

1. Introduction

Grassland insect diversity is often linked to plant species

composition and habitat structure [1-4]. Several general

hypotheses have been proposed to explain relationships

between plant and herbivore species richness [5, 6], with

insect herbivore diversity often thought to generally increase

with increased plant species richness due to increased

resource diversity [3, 5]. Although habitat associations with

grasshoppers have been studied since the early 1900s [7],

it remains a continuing challenge in grasshopper ecology

to understand patterns of species diversity [4, 8]. Numer-

ous factors could influence grasshopper species diversity

including resource availability, habitat structure, escape

space, and predators [4, 9, 10]. Furthermore, management

practices such as livestock grazing and fire impact plant

species composition and subsequently affect grasshopper

species composition [4, 11]. Many studies have examined

relationships between grasshopper community composition

and vegetation patterns in grassland ecosystems worldwide

(e.g., [2, 4, 8, 12-14]). Plant diversity often positively

affects grasshopper species diversity, but relationships are

not consistent. Additionally, grasshopper feeding patterns

can have important impacts on local plant abundance and

community structure [15-17]. In most grassland ecosystems

the nature of relationships between plant species richness

and grasshopper abundance and diversity remains unclear

[3, 4].

Grasshoppers are often the dominant native herbivore in

grassland ecosystems worldwide, with widespread economi-

cally damaging grasshopper outbreaks occurring frequently

in western North America [11, 15]. Despite the economic

importance of grasshoppers in the area of this study, the

northern Great Plains [18, 19], relationships between plant

diversity and grasshopper diversity and abundance are not

clearly defined. In contrast to the majority of herbivorous

insects, most grasshopper species tend to be generalist

feeders that consume a variety of unrelated plant species

[20, 21], As a result, relationships between plant species

richness and grasshopper species richness could be weaker in

grass dominated ecosystems with numerous grass or mixed

feeding generalist grasshoppers. The objective of this study

was to determine if variation in grasshopper abundance and

diversity between 23 sites in western North Dakota (US)

could be explained by variation in plant species richness and

diversity.
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Table 1: Characteristics of each site in western North Dakota.

Site Elevation (m) Coordinates
Plant

2001

species

2002

Grasshopper species

2001 2002

Charbonneau 689 47°46'33N 103°49'30W 11 6 19 19

Cheney 603 47°44'29N 104°01'35W 5 8
* 16

Devitt 600 47°38'37N 104°01'53W 12 7 18 14

East 7f0 47°36'35N 103°56'09W 8 7 13 18

Plant 609 47°38'05N 104°0T08W 8 5 17 16

Jacobson5A 690 47°48'04 N 103°48'31W 6 5 19 24

Klandl 667 47°38'27 N 103°57'24W 5 6 19 27

IndergardN 675 47°35'14 N 103°49'39W 8 7 15 13

IndergardS 730 47°34'43N 103°50'46W 7 6 23 22

Rau 757 47°42'08N 103°57'15W 11 9 14 20

Saltwell 751 47°36'32N 103°56'05W 5 8 15 24

SDlOf 700 47°33'23N 104°00'21W 8 5 17 18

101 Creek 654 47°33'44N 104°00'30W 9 8 11 18

SM02 686 47°39'28N 103°51'18W 5 4 19 20

SM05B 740 47°37'42N 103°45'45W 10 7 20 21

SM05NB 747 47°37'03N 103°45'58W 10 8 21 20

SM07B 655 47°36'54N 103°48'54W 8 9 13 19

SM11 708 47°43'37 N 103°52'24W 8 9 21 20

SM12 719 47°43'55N 103°50'46W 7 5 13 19

SM13 704 47°43'11N 103°49'05W 7 9 17 18

Shadwell 717 47°26'03N 104°02'30W 8 5 18 19

Whited 703 47°28'36 N 104°04'21W 8 7 15 16

Windmill 658 47°39'07 N 104°00'11W 3 4 15 20

2. Materials and Methods

The study was conducted on the Little Missouri National

Grasslands in western North Dakota (USA), managed as part

of the United States Forest Service Dakota Prairie Grasslands.

The area of the study is characterized by wide summits and

networks of gullies [22]. The historic plant community is a

mixed grass prairie dominated by grasses including western

wheatgrass (Pascopyrum smithii), blue gramma (Bouteloua

gracilis ), needle and thread (Hesperostipa comata ), and green

needlegrass (Nassella viridula). The region is semiarid and

receives approximately 355 mm to 400 mm of precipitation

annually; most of which occurs during the growing season.

Mean daily temperatures range from -17.2°C in winter

to 29.4°C in summer. Precipitation measured at a nearby

weather station during the growing season of 2001 was

slightly above, while precipitation during 2002 was slightly

below the long-term average.

During the spring and early summer of 2001, 23 sites

were established in the Little Missouri National Grassland.

The sites were located within 35 km of each other, ranged in

elevation from 600 to 751 m, and were randomly chosen to

include a range of grassland habitat types (Table 1). Nearly

all sites were dominated by native vegetation. At each site, a

10 m by 10 m subplot was established for sampling vegetation

species composition and grasshopper densities. Grasshopper

population densities were determined by counting the

number of grasshoppers that flushed from within 20, 0.1 m2

aluminum wire rings, following the methods of Onsager and

Henry [23]. Rings were arranged in a grid of four rows,

with 5 rings per row, and held in place by landscape staples.

Sites were sampled for grasshopper population densities and

species composition four times in 2001 and six times in

2002, between the last week of June and the first week of

September. Sampling took place when air temperature was

greater than 23° C. A sweep net sample was taken, using an

insect aerial net with a four foot handle, in the vegetation

surrounding the 10 m by 10 m sampling plot to establish

grasshopper community composition. Vegetation structure

was dominated by grasses and forbs, with few shrubs. An
equal number of 150 sweeps were taken while walking slowly

that rubbed on the soil surface and that passed through

the vegetation canopy while walking rapidly [24]. Sweep net

samples were frozen, and grasshoppers were later identified

to species in the laboratory. To adjust for differences in sweep

net sample sizes between sites, individual species densities

were estimated by combining the percentage composition in

sweep samples with grasshopper densities from ring counts.

Vegetation species composition was examined in early

July 2001 and 2002. Each side of the sampling site served

as a 10 m transect with a fifth transect in the middle of

the plot, with 500 sampling points per site. Along each

transect, every one meter a standard 10-pin frame was used

to determine vegetation composition based on the total

number of contacts by a pin. A contact was considered as

the pin point coming into contact with the basal area of a
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plant, bare ground, or litter. Across both years of sampling,

western wheatgrass was a dominant or codominant grass

at 14 sites, blue grama at 13 sites, junegrass at eight sites,

threadleaf sedge at three sites, needle and thread at two

sites, crested wheatgrass (.Agropyron cristatum ) at two sites,

green needlegrass at one site, and Kentucky bluegrass (Poa

pratensis ) at one site. For each site, total plant species

richness, proportional coverage of live vegetation, and plant

diversity were calculated.

Relationships between insect species diversity and plant

diversity could differ seasonally but were not assessed in this

study. As grasshopper sample sizes were low in some sweep

net samples from sites with low population densities, all

sweep samples were pooled prior to analysis to reduce error

[24], increase the probability that rare grasshopper species

would be incorporated [5], and better account for varying

grasshopper phenologies [2], Grasshopper abundance data

was also averaged across sample periods within a year to

reduce the influence ofrandom sampling variation when few

individuals are detected in density subsamples [25]. Data

was transformed as needed. The majority of grasshopper

species present at the sites overwinter as eggs and hatch

in late spring or early summer; however four nymph-
overwintering grasshopper species that hatch in late summer
and become adults in the spring were caught in sweep

samples. Only egg-overwintering grasshopper species were

included in the analysis, as plant-grasshopper relationships

would be expected to differ due to the divergent phenologies

of these two groups. Patterns of grasshopper species diversity

were examined using numerical species richness, Shannon

index of species diversity, and Simpson evenness index [26].

Regression analyses were conducted to examine habitat vari-

ables responsible for grasshopper abundance and diversity.

Systat 12 (Systat Software Inc.) was used for all analyses.

3. Results and Discussion

Cumulative plant species richness was relatively low, with

a total of 31 species detected across all sites. Mean plant

species richness was 7.24, with a maximum species richness

of 12 species at a site (Table 1). Forb species richness ranged

from zero to six species, while grass species richness ranged

from two to seven. Vegetation was dominated by grass and

sedge species, as is typical in this northern mixed grass

prairie [22, 27, 28]. An average of ~88% of live vegetation

hits were grasses and sedges. Abundant grasses and sedges

were blue grama (Buteloua gracilis), western wheatgrass

(.Agropyron smithii), junegrass (Koeleria macrantha ), and

threadleaf sedge ( Carex filifolia). The most abundant forb

was the relatively ephemeral exotic common dandelion

( Taraxacum officinale), which is frequently present in native

dominated grasslands throughout the United States. Fringed

sage (Artemisia frigida), scarlet globemallow (Sphaeralcea

coccinea), and phlox (Phlox spp.) were other relatively

common forbs.

Egg-overwintering grasshopper species richness ranged

from 11 to 27 across sampling sites in a given year,

with a mean species richness of 18 (Table 1). A total of

Table 2: Egg-overwintering grasshopper

samples in 2001 and 2002.

species caught in sweep

Species 2001 2002

Ageneotettix deorum 1,553 2,374

Melanoplus sanguinipes 1,162 1,631

Phoetaliotes nebrascensis 863 1,084

Opeia obscura 575 668

Encoptolophus costalis 490 590

Philbostroma quadrimaculatum 487 720

Melanoplus gladstoni 411 314

Melanoplusfemurrubrum 343 490

Melanoplus infantilis 273 387

Orphulella speciosa 206 277

Trachyrhachys kiowa 165 281

Amphitornus coloradus 140 185

Melanoplus dawsoni 128 350

Aulocara femoratum 126 176

Hypochlora alba 115 152

Melanoplus packardii 111 185

Melanoplus keeleri 109 205

Aeropedellus clavatus 92 197

Spharagemon equale 36 64

Arphia pseudonietana 33 68

Aulocara ellioti 31 64

Melanoplus confusus 24 39

Mermiria bivittata 16 19

Hadrotettix trifasciatus 16 24

Melanoplus bivittatus 14 51

Hesperotettix viridis 12 17

Melanoplus differentialis 10 0

Dissosteira Carolina 8 2

Metatorpardalinus 7 36

Dactylotum bicolor 1 1

Total caught 9,236 13,590

34 egg-overwintering grasshopper species were collected

(Table 2). Mean grasshopper species richness per site was

slightly higher than Kemp [29] and foern [4], while total

species richness was within the range observed in other

similar studies in the western US (e.g., [4, 29-31]). Average

grasshopper density across sites was 7.4 per m2
, with a low

of 1.9 and a maximum of 20.8 per m2
at a given site.

Relative to long-term grasshopper densities in the area, the

densities were not exceptionally high, just prior to this study,

grasshopper densities were documented at 40 and 130 per

square meter [18, 19]. Flowever, grasshopper densities were

much lower during a five-year period immediately following

this study [17].

Common grasshopper species are presented in Table 2.

Plant diversity did not affect grasshopper abundance

(Table 3), similar to the findings of joern [10] in tallgrass

prairie. There was no effect of plant species richness

on grasshopper species richness in either year (Figure 1,

Table 3). Although several significant associations were
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Table 3: Results from regression analyses of plant species richness, live cover percentage, Shannon diversity, and Simpson evenness on

grasshopper abundance and diversity. Regression equations are provided for results with a P value less than .1.

Independent (plant) Dependent (grasshopper) Statistical data

A. 2001

Species richness R2 = 0.002, P = .84

Species richness
Shannon diversity 7 = 1.70 + 0.055X; R2 = 0. 17, P = .057

Simpson evenness Y = 0.215 + 0.024X,R2 = 0.19,P = .045

Abundance 7 = 8.6 - 0.32X; R2 = 0.02, P = .5

Species richness R2 < 0.001, P = .99

Shannon diversity
Shannon diversity R2 = 0.1, P = .16

Simpson evenness R2 = 0.06, P = .26

Abundance R2 = 0.03, P = .43

Species richness Y = 8.23 + 0.292X; R2 = 0.4; P = .001

Live cover
Shannon diversity R2 = 0.1, P = .15

Simpson evenness R2 = 0.016, P = .6

Abundance 7 = -3.37 + 0.329X; R2 = 0.2, P = .036

Species richness R2 = 0.003, P = .8

Evenness
Shannon diversity R2 = 0.11, P = .12

Simpson evenness R2 = 0.05, P = .33

Abundance R2 = 0.024, P = .5

B. 2002

Species richness R2 = 0.01, P = .6

Species richness
Shannon diversity R2 = 0.08, P = . 2

Simpson evenness R2 = 0.09, P = .15

Abundance R2 = 0.06, P = .25

Species richness Y = 24.01 - 3.882X, R2 = 0.19, P = .04

Shannon diversity
Shannon diversity R2 = 0.05, P = .32

Simpson evenness Y = 0.168 + 157X, R2 = 0.21, P = .03

Abundance Y = 15.0 - 6.96X, R2 = 0.24, P = .015

Species richness R2 = 0.02, P = .53

Live cover
Shannon diversity Y = 1.8 + 0.014X, R2 = 0.2, P = .03

Simpson evenness Y = 0.158 + 0.008X, R2 = 0.212, P = .027

Abundance R2 = 0.003, P = .8

Species richness Y = 15.4 - 9.6X, R2 = 0.25, P = .016

Evenness
Shannon diversity R2 = 0.035, P = .39

Simpson Evenness Y = 0. 151 + 0.348X, R2 = 0.22, P = .025

Abundance 7 = 15.7 - 15.36X, R2 = 0.26, P = .014

found through the regression analyses, results differed greatly

between years (Figure 1, Table 3). Grasshopper community

Shannon diversity and Simpson evenness were positively

associated with plant species richness in 2001, indicating

that sites with increased plant diversity had a more evenly

distributed grasshopper community assemblage. By contrast,

grasshopper species richness, evenness, and abundance were

all positively associated with Shannon diversity of plants

in 2002. Grasshopper species richness and abundance were

positively associated with the percentage of live plant cover

in 2001, while diversity and evenness of the grasshopper

community were positively associated with live cover in 2002.

Grasshopper species richness, evenness, and abundance were

all positively associated with plant species evenness in 2002.

As significant relationships differed almost entirely between

years, it appears unlikely that either plant species richness

or diversity was a strong causative factor responsible for

observed significant statistical results. However, a consistent

result in both years was that grasshopper species richness

was not positively associated with plant species richness

(Figure 1). Although specialist grasshopper richness would

be expected to increase with plant species richness, this is a

highly grass dominated system with many generalist feeding

grasshoppers [32].

Strong conclusions regarding the nature of the relation-

ship between plant species diversity and grasshopper species
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Figure 1: Relationship in 2001 and 2002 between (a) species richness of grasshoppers and plants and (b) Shannon diversity of grasshoppers

and plants.

diversity in North America remain difficult. In a study across

an elevational gradient in Montana, Wachter et al. [13]

found no significant relationships between plant cover or

species richness and grasshopper species richness, diversity,

and abundance. By contrast, Fielding and Brusven [14]

found a positive correlation between plant and grasshopper

species richness in semiarid rangeland. In a more productive

tallgrass prairie system, Evans [12] and Joern [4] also found

grasshopper species richness was positively related with plant

species richness. Plant species richness was similar in the

study by Joern [4] and higher in the study by Fielding and

Brusven [14]. In this study, as well as in Joern [4] and

Fielding and Brusven [14] where positive relationships were

found between grasshopper and plant species richness, the

ratio of grasshopper species to plant species was typically

greater than 1.0. In a desert environment in the southwestern

US with low grasshopper species diversity but several spe-

cialist species, Otte [9] found a positive relationship between

grasshopper and plant species diversity when the ratio of

grasshopper species to plant species was always less than

0.43. As a result, the lack of a relationship between plant

and grasshopper species richness does not appear a result

of grasshopper or plant species richness varying by orders

of magnitude from other studies. As pointed out by Fielding

and Brusven [14], “grasshopper species richness is probably

not a simple function of plant species richness.”

Grasshopper populations are highly cyclical in this area

and respond to weather conditions [18, 19, 27]. Drought has

been shown to reduce grasshopper species diversity at nearby

sites in eastern Montana [33], while a late summer rainfall

event led to a three-fold increase in grasshopper densities

in the following year [19]. Precipitation patterns during

2001 and 2002 were not extreme outliers relative to long-

term averages. Given the variation in correlations between

years, longer-term sampling would be required to determine

if consistent patterns emerge and if patterns vary with

precipitation or densities. Grasshoppers were relatively abun-

dant during the period of the study and density dependent

factors could have influenced grasshopper or plant species

composition. Both intraspecific and intraspecific exploitative

competition can play an important role in grasshopper

population dynamics and plant composition [19, 34, 35].

In addition, preferential grasshopper herbivory has been

shown to influence plant species diversity in study area when
abundant [17]. Although grasshopper herbivory could have

removed all visible plant material prior to plant sampling,

vegetation sampling occurred relatively early in the summer.

Many of the hypotheses proposed to explain positive

relationships between plant and herbivorous insect diversity

are based on the fact that many insects are relatively special-

ized [5]. However, many grasshopper species are generalists

[17, 32]. As a result, inconsistent and weak relationships

could be reflective of the ability of generalist grasshoppers

to feed on numerous plant species or could be an artifact

of difficulties in sampling rare species [5]. Haddad et al.

[5] conducted an 11-year experiment manipulating plant

diversity and examining effects on arthropod herbivores and

predators and found herbivore arthropod species richness

was strongly positively related to plant species richness

only when examining cumulative species richness across the
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1
1
year time period. This illustrates the potential importance

of longer term sampling when examining relationships

between plant and grasshopper species richness.

The results from this study also support Kemp et al. [36],

who argued that plant species richness is too coarse grained

a measure to lead to accurate predictions of grasshopper

species richness. Although plant community associations are

likely to be a better predictor of grasshopper species richness

than plant species richness in a variety ofecosystems [36, 37]

,

a potential constraint is that ordination techniques may
result in system specific conclusions regarding relationships

between plant communities and grasshopper species.
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Acridologists have used a variety of terms to describe groups of grasshoppers, including assemblage, community, guild, and

population. This terminological diversity has raised the question of whether one of these descriptors is the correct one. I take

the position that these terms pick out different features of the natural world such that there is no unconditionally or uniquely

correct term. By adopting the framework of constrained perspectivism—a form of philosophical pragmatism—it is argued that a

term is correct if it accurately reflects the conceptual framework of the investigator and effectively communicates this perspective

to others. Such an approach gives rise to terminological pluralism that avoids the problems of relativism (the subjectivist’s view

that any term can be used) and absolutism (the objectivist’s view that there is a single correct term). I describe the contexts in

which the most common terms are appropriate.

1. Introduction: The Problem

Acridologists have used various terms to describe the groups

of grasshoppers that are the focus of their work. The terms

most often used are assemblage, community, guild, and

population. Using the Google Scholar [1 ]
to analyze how fre-

quently scientists have used these terms revealed that of 1,459

hits: “grasshopper assemblage” appeared 65 times (4%),

“grasshopper community” 413 times (28%), “grasshopper

guild” 1 time (<1%), and “grasshopper population” 980

times (67%).

One might respond to the assortment of terms by assert-

ing that such variety does not imply a problem or confusion.

In fact, this view was expressed by three reviewers of this

paper. These scientists tacitly agreed that the ecological terms

were well defined (we will see that this is demonstrably

not the case in the discussion of “population” and to some

extent with “community” and “guild”) or at least there was

no confusion among acridologists. But their explications

revealed a conceptual morass with various contradictions.

The first reviewer maintained that “the only issue is

the occasional sloppy individual who calls a grasshopper

assemblage a community.” For this scientist, there is a

single, correct term for groups of grasshoppers, which is

“assemblage” (for the moment, let us set aside the fact that

the supposedly sloppy use of “community” occurs far more

often than the putatively correct term of “assemblage”—and

“population” is more commonly used than either of these).

By this account, all right-thinking acridologists know that

groups of grasshoppers are called “assemblages,” so the case

is closed.

In an ironic twist, the second reviewer contended that all

the terms have “tight and accepted usages,” such that there is

simply no confusion among acridologists. For this scientist,

there are four standard terms that are variously and correctly

used to describe groups of grasshoppers. But both reviewers

cannot be correct. Either the first acridologist is in error

(not all groups are “assemblages”) or the second reviewer

is mistaken (terms other than “assemblage” are conceptual

errors).



2 Psyche

The situation becomes no clearer with the assertion ofthe

third reviewer that, “the choice ofterms by researchers seems

relatively uninformative/unimportant as some researchers

may rather arbitrarily choose a term.” In other words, this

scientist agreed with the first in that some researchers were

sloppy, but s/he seemed quite uncommitted to the notion

that all groups are properly called “assemblages.” And this

reviewer also contradicted the second in suggesting that the

chosen term is uninformative. The resolution, according to

the third reviewer, is that the word choice is unimportant:

“what matters is the context ofhow those words are used in a

journal article.” This represents a wholly inefficient approach

to terminology—rather like referring to locusts in a title

or abstract, only to have the reader discover that the paper

is about grasshoppers—and it presumes that scientists take

the time to read entire articles. Oftentimes and justifiably,

researchers use titles to find the literature on a particular

kind of grouping (e.g., community), and if others use an

arbitrary term (e.g., assemblage or population) as a label,

then important work will be overlooked and irrelevant

publications will be sought.

At this point, all we can safely assert is that at least some

acridologists—including apparently three highly qualified

and experienced practitioners—are collectively confused by

the terminology applied to groups of grasshoppers. Based on

my experience, many graduate students and junior scientists

working in this field are also somewhat bewildered by which

term should be used to describe a group of grasshoppers in

a habitat. So, it would appear that the editors of this special

issue of Psyche were on to something in identifying one of

the topics of interest as “Grasshopper species in a habitat: a

community or an assemblage?”

One solution is to simply presume that the correct term

is that which is used by the majority of scientists. If so, then

a group of grasshoppers should be called a population (not

“community” or “assemblage”, as proposed by the editors).

However, this seems entirely too quick of a solution to the

terminological problem. It is certainly possible that most

workers are misusing or misunderstanding a term. Moreover,

we cannot summarily conclude that all of the scientists

describing grasshopper groups are necessarily referring to

one and the same thing. To clearly frame the problem—along

with possible solutions and their shortcomings—it is helpful

to consider four possibilities.

1.1.

The Terms for Grasshopper Groups Are Synonyms. The

various terms might be synonyms, much as one might

refer to “short-horned grasshoppers” in one paper and to

“acridids” in another, or to “nymphs” in one place and

“hoppers” in another. If so, the inconsistencies are not

substantive at all. However, the problem with the different

expressions for groups of grasshoppers seems more than a

matter of alternative words for the same entity. Ecologists

form different impressions from the various terms used by

acridologists; a “population” picks out something in nature

that is not the same thing as a “community” [2]. Hence,

the possibility of substantive errors and misunderstandings

is real.

1.2. The Terms for Grasshopper Groups Are Subjective

Constructs. The various terms may simply reflect human
artifice. The manner in which grasshoppers are grouped

could be an entirely subjective matter, such that there is no

basis to argue for one formulation over another. A nominalist

(i.e., one who holds that beyond the reality of individual

entities, all higher groupings are human inventions) might

contend that while individual grasshoppers actually exist,

any amalgamation of these individuals represents a cultural

construct—a sort of potentially useful fiction [3]. As such,

one could be a realist about single grasshoppers but an

antirealist about groups of grasshoppers [4]. Taken to an

extreme, one could just as defensibly combine grasshoppers

based on the potential they have as fish bait, the third letter of

their scientific name, or the color of their tibia as one might

group them in terms of competitive interactions, behavioral

tendencies, or taxonomic relations. But such a strong nomi-

nalist view strikes us as rather implausible. Certain groupings

of grasshoppers seem to reflect nonarbitrary qualities of the

organisms (e.g., those that eat only grasses) much more so

others (e.g., those that happen to be airborne at a given

moment).

1.3. The Terms for Grasshopper Groups Are Objective Truths.

There could be an objective fact of the matter as to which

term uniquely picks out a real thing in the world [5] . A realist

might argue that groups of grasshoppers are actual, mind-

independent entities and that these possess some unifying

property that makes it correct to call them communities but

not populations, for example. Perhaps groups of grasshop-

pers are like deer herds, wherein the individuals have

interactions or relationships which form a distinct entity.

However, a strong realist position seems difficult to defend.

It is not unambiguously evident what relationship among the

grasshoppers makes the collective into an actual, objectively

existing whole. At least there does not appear to be a single

candidate for such a relationship, as the interactions might

be understood in various terms (e.g., mutualism with regard

to predator swamping or competition in terms of food

acquisition). And this leads us to the fourth and most viable

possibility.

1.4. The Terms for Grasshopper Groups Are Interactional Per-

spectives. The terms used to describe groups of grasshoppers

could reflect neither purely subjective nor objective criteria.

There may be multiple, biologically compelling ways of

identifying groups although it will also be the case that

some approaches are absurd. For the pluralist [6, 7], there is

more than one way of being right (contrary to the objective

absolutist), but it is still possible to be wrong (contrary

to the committed subjectivist). As such, the groupings of

grasshoppers are interactional [8], being “made”—rather

than subjectively created or objectively discovered—through

the interests of the scientist interacting with the rich (but not

unlimited) possibilities ofthe real world. That is to say, reality

can be divided in many ways, but not just any way. Thus,

the researcher has a particular perspective with respect to
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a line of inquiry and thereby picks out one of the biologically

plausible ways to group grasshoppers.

Such an approach to understanding some biological

groups has been advanced—at least implicitly—by ecol-

ogists. In his analysis of the concept of communities,

Underwood [9] described the subjectivist and objectivist

views. The former position is that “communities are simply

a human invention. . .used to describe the collection of

organisms that are found in the same place at the same

time,” and the latter view is that communities are “valid

and necessary object [s] of study” which are held together

through biological interactions. Underwood [9] observed

that these two perspectives have been alternately in favor and

that “the reality is probably somewhere in between” although

he does not specify an intermediate view. However, his

contention that no definition will satisfy all—or even most

—

ecologists, opens the door to the possibility of a pluralistic

approach.

2. Analogous Cases and Their Implications for

Grasshopper Groups

2.1.

Perspectival Approaches to Individual Entities. Is an axe

a weapon or a tool? The group of implements to which

an axe belongs does not seem to be objectively (or at least

singularly) determinable. The right assignment of the axe

depends on how it is used. In the hands of Lizzie Borden

(who according to legend and the childrens ditty “took an

axe and gave her mother forty whacks”), the thing should

be considered a weapon, but in the hands of Paul Bunyan

(the mythic lumberjack), it is a tool. Nor is the correct term

for the axe merely a philosophical puzzle—the consequences

of being wrong could be serious. The problem of how to

perceive an axe persists even when the instrument is not in

the hands of others. That is, my own intentions or interests

are critical to what category ofthings the axe belongs to when
I reach for the instrument.

The “axe problem” reveals an important aspect of how
we categorize objects. The subjective perspective of the

individual engaging the objective entity is critical to our

understanding. Scientific perspectivism [10] is the view that

the ontology (what is real) and metaphysics (the properties of

real things/processes) are both constrained by the facts (e.g.,

the axe is a heavy, sharp object so it is nonsensical to use it

as a pillow) and open to an array of possible interests (e.g.,

weapon, tool, doorstop, etc.). The pluralism that arises from

this understanding underwrites a philosophy of ecology that

is called constrained perspectivism [11].

Starting with the categorization of an axe creates

an accessible starting point, but groups of entities (e.g.,

grasshoppers) are not necessarily single things. We might

contend that an axe is not a single item but is composed of a

handle and a head, but these parts seem to be so intimately

related in terms of the function of the whole that treating

an axe as a particular item is appropriate. In fact, that is the

matter we are trying to resolve: are groups of grasshoppers

real things (ontology) and what sorts of things are they

(metaphysics)?

2.2.

Perspectival Approaches to Collective Entities. Imagine

that a person walks into a room containing old furniture.

The individual wants to describe what he sees and wonders

about the correct term to use for the group of chairs, tables,

lamps, and whatnot. The challenge is whether there is a

single, right way to convey to others what he has observed

—

is there an objective descriptor? It seems not, as the most

accurate term will depend on his interests and those of the

persons with whom he will be communicating. If the man
is a furniture dealer, he may tell his assistant that he has

come across an “inventory of antiques.” However, if he is a

historian and recognizes that the furniture is a matched set

from a single room of Louis XIV, the grouping might be

termed a “17th century salon.” But if the fellow is an artist,

he might see the placement and spacing of the furniture as

aesthetically pleasing and refer to the items as a “balanced

arrangement of three-dimension forms.” And finally, if the

man is a millionaire, he might perceive the furniture as a

“collection of status-enhancing objects.” The point here is

that there appears to be no uniquely right term for the

assembled items. The interests of the observer and those with

whom he is speaking are inextricably woven into choosing

the right description.

This is not to say that there is no way to be wrong about a

term for the furniture. In fact, there are at least two mistakes

to be made. First, the man could simply use a term that

does not pertain to groupings of furniture. For example, the

millionaire could tell his interior decorator that he found a

“squadron of furniture” or the antique dealer could tell his

assistant to prepare the shop for a “herd of chairs and tables”.

Neither description is meaningful or appropriate for items of

furniture—there is a category error in using such terms.

Second, the man could use a term that is uninformative

or even misleading to the listener. If the artist tells his

impoverished bohemian friend that he should go to see

the “collection of status-enhancing objects,” the other fellow

would likely be confused—or at least not understand why he

ought to be interested. Or if the historian submits a paper to

the Journal of French History reporting that he came across

a “balanced arrangement of three-dimensional forms,” then

he has failed to tell his colleagues what is important about his

observation.

2.3.

Perspectival Approaches to Scientific Referents. Before

we consider the importance of terminology for groups of

grasshoppers, it is useful to briefly consider two analogous

cases in science and why the use of alternative terms

mattered.

In physics, there has been considerable debate as to the

nature of light [12, 13]. Following Newton, most scientists

accepted some version of the “corpuscular hypothesis” in

which light was taken to be composed of particles. In the

18th century, Leonhard Euler advocated a wave theory of

light (Newton also contended that “aetheric waves” played a

role, although this was largely ignored). Both the particle and

wave advocates were able to construct sound arguments and

compelling experiments in defense of their views. Thomas
Young’s famous double-slit experiment set the stage for our
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contemporary understanding that light is both wave and

particle—and how one perceives its nature depends on the

choice of instrument or, in effect, one’s interests. It matters

a great deal in physics whether something is a wave or a

particle, but at least with respect to light there is no objective

fact of the matter.

In ecology, one’s interests are critical to the interpretation

of an organism’s role in a habitat. Consider the case of

Echium plantagineum in Australia [14]. For those with

an interest in producing high-grade honey or ruminant

livestock feed in drought stricken regions, the plant is a

beneficial component of the ecosystem and warrants the

common name “Salvation fane”. But for those who have

an interest in restoring native habitats or producing quality

forage on disturbed pastures, the plant deserves the moniker

“Patterson’s Curse”. Whether this plant is a beneficial or pest

species matters a great deal—and the right classification or

term depends on one’s interests.

So, is there a correct term for a group of grasshoppers?

The American pragmatist William fames [15] argued that:

the human mind is essentially partial. It can be

efficient at all only by picking out what to attend

to, and ignoring everything else,—by narrowing its

point of view. Otherwise, what little strength it has is

dispersed, and it loses its way altogether. Man always

wants his curiosity gratified for a particular purpose.

This position would suggest that the acridologist must

choose a perspective, that there is some particular interest

being served by an investigation. Terminology is thus

pragmatic (reflective of interests), perspectival (based on

where one stands conceptually), and pluralistic (dependent

on more than a single, correct, or objective viewpoint). So

there is a right term to use for a given situation—whatever

most accurately conveys the intentions of the researcher and

communicates this point of view to fellow scientists.

3. The Right Term for a Group of Grasshoppers:

Conceptual Context

If the pragmatic philosophy of constrained perspectivism

with its pluralist solution is to be adopted by acridologists,

there are three concepts to keep in mind as we consider

the various terms that might be used to describe groups of

grasshoppers.

3.1.

Role of Objectivity. The acridologist faced with multiple

terms for groups of grasshoppers might worry that the

pluralist approach is a slippery slope. Can objectivity check

the slide toward radical subjectivism? I will have more to say

about this later, but for the present it is sufficient to maintain

that objectivity can limit pluralism in two ways.

First, constrained perspectivists take it to be the case that

there is a mind-independent world “out there”, and reality

constrains the ways in which we can productively frame our

understanding
[
1 1 ] . In short, the world “pushes back” when

we form beliefs that lead to actions which do not accord with

external reality. If we think of a group of grasshoppers as a

terrorist cell and launch a full-scale military attack to destroy

them, the world pushes back through the economic costs,

political repercussions, environmental damage, and social

condemnation of our foolishness.

Second, objectivity is an important “regulative ideal”

—

an unattainable goal which we can rationally adopt so as

to orient our pursuits (not unlike global peace or eco-

nomic justice). But our understanding is invariably domain-

specific. As Reiners and Lockwood [11] maintained, “We
can rise above individual bias, but we cannot ascend to

a God’s eye view such that truth is no longer relative to

a particular conceptual system.” So, we must be keenly

aware of our chosen perspective and then aspire to unbiased

understanding within this framework. One might even say

that we should try to be as objective as possible about and

within our subjective context.

3.2. Nature of Groups. In some biological settings, groups

are readily observable. The group of cells comprising an

organism is quite evident, and even some ecological groups

are discernible (e.g., a herd of deer, a school of fish, a swarm

of locusts). Flowever, most groups of grasshoppers that are

studied by ecologists are not visible. This is not a challenge

particular to acridology. Indeed, Reiners and Lockwood [11]

made the case that:

[M] any ecological entities are not perceived (i.e., seen

by our eyes or instruments), but conceived. . .ecology

is particularly prone to ontological and metaphysical

problems such that we are concerned with how to

carve up the world into entities and processes that are

often unobservable (has anyone actually seen species,

speciation, communities, metabolism, ecosystems, or

equilibrium?).

For the most part there are not directly observable

properties of a group of grasshoppers that provide a kind

of objective taxonomy. That said, we may be able to infer

qualities of the collective via sampling (e.g., density and

species composition). Furthermore, various instruments and

measurements have been developed to discern the effects of

the group (e.g., forage loss and nitrogen levels).

3.3. Practical Relevance. In the context of pragmatism, James

[15] maintained that “There can be no difference anywhere

that does not make a difference elsewhere.” That is to say,

a distinction between “population” and “community”, for

example, is vacuous if there is no actual consequence of

calling a group by one or the other of these names. Perhaps

this is why there seem to be few arguments about whether

acridologists should refer to “nymphs” or “hoppers”; the

distinction makes no difference in terms of our beliefs and

actions. As will be evident in the following section, the terms

which we apply to groups of grasshoppers may well make

a difference with regard to orienting the research agenda

of science, communicating our findings, and perhaps even

developing sound government policies and taking effective

management actions. These potential consequences should

not be surprising in light of other cases in which how
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scientists have chosen terms and perspectives mattered (see

Perspectival approaches to scientific referents ).

3.4. Principled Relevance. Assuming that the reader is not

entirely on board with the framework of pragmatism that

is captured by constrained perspectivism [11], there is a

principled reason why the choice of terms in science matters.

That is, science is thought by many to be our closest

approximation to the way the world actually is. Indeed,

scientists generally favor the realist’s view that we are justified

in taking the referents of science to correspond with objective

reality. If so, then the matter of what ecologists call groups

of organisms is not an artificial controversy. Rather than

making a philosophical mountain out of a scientific molehill,

being clear and accurate in our language is vital to the

practice of science. We would not countenance saying that

3.4 grasshoppers/m2 was 4 grasshoppers/m2 nor would we
allow a colleague to refer to a katydid as a locust, so we
should not be complacent about referring to a population

as a community if, as I argue, we believe that these are

essentially different entities.

4. The Right Term for a Group of Grasshoppers:

Plausible Options

The predominant terms used to describe groups of grasshop-

pers are assemblage, population, community, and guild.

Other terms for ecological groupings, such as association,

inventory, and biocoenosis, can be subsumed under these

more conventional descriptors.

4.1. Grasshopper Assemblage. An assemblage has the conno-

tation ofbeing a haphazard or accidental grouping of objects.

This sense is reflected in the definitions used by ecologists.

Allaby [2] provided the most fully elaborated account of the

term:

a collection of plants and/or animals characteristi-

cally associated with a particular environment that

can be used as an indicator of that environment (e.g.,

in geobotanical exploration). The term has a neutral

connotation. Its use does not imply any specific rela-

tionship between the component organisms, whereas

terms such as “community” imply interactions.

The idea that an assemblage is whatever organisms happen

to be present was echoed in Lewis’ [16] more concise defi-

nition: “A collection of co-occurring populations.” Although

Underwood [9] did not explicitly define an assemblage, he

used the term to describe collections oforganisms that do not

appear to form integrated units but simply reflect a shared

physiological tolerance for a particular environment. Such

a notion is clearly consonant with those of Allaby [2] and

Lewis [16]. Lincoln et al. [17] provided a definition within

the context of paleontology: “a group of fossils occurring

together in the same stratigraphic level (an assemblage

zone).” Even this definition is consistent with the “same

place, same time” notion used by ecologists. Other authors of

ecological and environmental references omit “assemblage”

entirely [18-20], so one might presume that the term is

somewhat limited in its use. However, Google Scholar [1]

produced 1,100 hits for “bird assemblage” and 12,600 hits

for “fish assemblage”, so the term is evidently common
with regard to some organisms. Botanists use the term

“association” for stable plant communities
[ 17, 19] which are

taken to have greater ecological coherence than assemblages

of animals.

If acridologists accept that a “grasshopper assemblage” is

just whatever species happen to coexist in some habitat, then

the term seems peculiar in light of scientific investigations.

The neutrality of “assemblage” suggests that the scientist

had no particular theoretical interest in the group of insects

with respect to ecology or evolution. This would lead one to

wonder why the individual bothered to amass data about a

set of objects without some hypothesis having structured the

research. Perhaps the most plausible response to this pertains

to those works that are not hypothesis driven but represent

descriptive natural histories. Pfadt’s Western Grasshoppers

[21] is a fine example of this kind of conceptual neutrality.

In addition to purely descriptive scientific works, there may
be nonscientific reasons for knowing about the grasshoppers

at a particular time and place. However, these other reasons

are not neutral with respect to other human interests.

Pest managers may not be acting within any conceptual

ecological framework in making decisions about grasshop-

pers. Along with a decision support system (e.g., [22]),

simply knowing what species are present and at what

densities may be all that is required for economically sound

action. As such, a scientist who is emulating the perspective

of a pest manager might well be justified in referring to

a “grasshopper assemblage”; all of the individuals present

(and thereby constituting a potential object of suppression)

are being perceived as a group without regard to further

ecological inquiry.

As with pest managers, environmental managers of

public lands, private reserves, and other habitats that support

grasshoppers may be acting from the basis of agency

standards, legislative mandates, or advisory board policies.

Likewise, conservation objectives are grounded in a set of

values external to ecological theory although they may be

informed by scientific concepts. Just as the pest manager’s

interest is economic, the environmental manager’s concern

may be social, legal, or moral.

In the context of environmental management, “assem-

blage” would seem to be appropriate although there is also

some use of “inventory” (this term generated 119 hits in

Google but none in Google Scholar). This latter term seems

to conceptually align with the metaphorical perspective

of biodiversity conservation insofar as managers attend

to the protection of a biological stockpile or warehouse.

“Grasshopper inventory” was used by Walter et al. [23] in

the context of conservation biology, and the term appears

on the websites of the Konza Prairie Educational Program

[24] and the Medford Oregon office of the Bureau of Land

Management [25]. However, conservation biologists seem to

more often refer to grasshopper assemblages; for example,

“Responses of grasshopper assemblages to long-term grazing

management in a semi-arid African savanna” [26] and
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“Effects of fire disturbance on grasshopper (Orthoptera:

Acrididae) assemblages of the Comanche National Grass-

lands, Colorado” [27].

4.2. Grasshopper Population. The most common term for a

group of grasshoppers is “population”. In this regard, two

questions are pertinent: is it legitimate to refer to a group of

multiple species as a population, and what is the ecological

interest/perspective that differentiates a population from an

assemblage?

Various references are inconsistent with regard to

whether the definition of population applies to more than

one species. Lewis [16] favored the single species notion of

a population as “A collective group of individuals of the

same species (or other taxa in which individuals exchange

genetic information) occupying a particular space.” Likewise,

Allaby [2] defined a population as “a group of organisms

all of the same species, which occupies a particular area,”

but he goes on to note that this term can also be used

in a statistical context for “any group of like individuals”

(which presumably could include more than one species).

The dual possibility of single and multiple species was echoed

by Lincoln et al. [17].

Explicit allowance that “population” can refer to a group

composed of one or more species is found in Allaby’s earlier

reference in which he maintained that a population can be

individuals within a species (“e.g., the human population of

a particular country”) or a larger taxonomic group (“e.g.,

the bird population of a particular area”) [19]. This broader

approach was endorsed by Martin and Hine [20], who
defined a population as both, “A group of individuals of the

same species within a community” and “The total number of

individuals of a given species or other class of organisms in

a defined area, e.g. the population of rodents in Britain.” So,

it appears that acridologists are not misusing “population”

when referring to a group comprised of more than a single

species.

The ecological perspective that is reflected in referring

to a group as a population is evident in the definitions.

Allaby [19] states that this term obtains when a group

is “considered without regard to interrelationships among
(the individuals),” and “when describing phenomena that

affect the group as a whole (e.g., changes in numbers).”

Hence, it is the dynamics of the group, its spatial distribu-

tion, or temporal changes, that motivate the investigation

of a population. Indeed, many references include entries

pertaining to these qualities, such as “population biology”,

“population density”, “population dynamics”, “population

ecology”, and “population growth” [17-20, 28]. Thus, an

acridologist seems to be justified in calling a group of

grasshoppers a population if the purpose of the investigation

is to understand the factors which explain the spatial patterns

or (particularly) temporal dynamics of the organisms. As

such, it seems quite appropriate to use this term in contexts

such as: “A perspective of grasshopper population distribu-

tion in Saskatchewan and interrelationship with weather”

[29] and “A simulation model for testing the dynamics of

a grasshopper population” [30].

4.3. Grasshopper Community. Aside from “population”, the

most common term for a group in acridology is “grasshopper

community”. And once again, two questions are pertinent:

is it legitimate to refer to a group comprised of only a

single family as a community, and what is the ecological

interest that differentiates a community from an assemblage

or population?

Although few terms in ecology generate full agreement

with regard to definitions, there appears to be considerable

consensus as to what makes a group of organisms a com-

munity. In all of the references considered for this paper,

the authors made clear that a community is comprised of

different species [2, 16-20, 28]. However, there appears to

be no indication that these species must include members of

different higher taxa (i.e., multiple families, orders, classes,

phyla, or kingdoms). Only Martin and Hine [20] refer to

communities as including plants and animals, but they also

note that “Larger communities can be divided into smaller

communities,” which could presumably include a single

taxonomic family. In fact, Google Scholar [1] searches for

“bird community” and “fish community” both generated

more than 10,000 hits. As such the term “grasshopper

community” seems entirely appropriate with regard to its

scope of taxonomic inclusion. This leaves the question of

what qualities make a group of grasshoppers a community.

There is also considerable agreement that for a group

of organisms to constitute a community there must be

interactions (e.g., trophic, mutualistic, and competitive

relationships) among the individuals that provide struc-

ture [2, 17, 20]. Even definitions that do not make the

relational aspect explicit are suggestive of such a criterion.

Both Parker’s [18] “distinctive combination of species”

and Allaby’s [19] “naturally occurring group of organisms

that occupy a common environment” would seem to

imply, if not require, that a relational factor unites the

collective.

The matter ofthere being valid grasshopper communities

would seem to be settled except for the confusion that arises

with an allied term. Underwood [9] opens the door with

his description of early marine ecologists who had to dredge

or otherwise grab samples in a haphazard fashion because

they were unable to see into the habitat. The term used to

describe the group of collected organisms was “biocoenosis”.

This was evidently a nonnatural collection of species taken

from a particular location at a given time. As such, one

might suppose that this would have been an assemblage.

However, the ecologists described these groups in terms of

being equilibrial communities, so the interactions among
the organisms served as the conceptual context. The result

of this hybridization of assemblage and community was

terminological confusion. While Parker [18], Lewis [16], and

Lincoln et al. [17] equated “biocoenosis” with “community”,

Allaby [19] explicitly defined a coenosis as “A random
assemblage of organisms that have common ecological

requirements, as distinct from a Community.” To make
matters worse, Lincoln et al. [17] noted that biocoenosis is

often used as an alternative term for “ecosystem”, and Allaby

[2] equated it with “biome”. With regard to acridology,

Google Scholar [1] revealed no citations with the term
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Table 1: Terminology used for groups of grasshoppers and the perspectives in which these descriptors are most appropriate.

Term Context

Assemblage

Inventory

Population

Community

Biocoenosis

Guild

When there is primarily a nonecological interest in the economic or other values of the group, such as in pest management

or conservation

When there is primarily a nonecological interest in the group as a component of biodiversity, most often for the purposes

of conservation

When there is primarily an ecological interest in the spatiotemporal dynamics of the group and the factors that account for

these quantitative changes

When there is primarily an ecological interest in the interactions within the group (e.g., mutualism and competition) and

how these structure membership

Perhaps equivalent to “community,” but the ambiguity in use is such that the term is probably not a clear expression of a

particular perspective

When there is primarily an ecological interest in the role that the group plays in its use of a common resource, usually in a

similar fashion

“grasshopper biocoenosis,” although there was one reference

to “grasshopper coenosis”.

Given the ambiguity and rarity of (bio) coenosis to

describe groups of grasshoppers and the most common view

that the term is equivalent to “community”, it seems reason-

able to suggest that the latter term be used. The appropriate

context for the use of “grasshopper community” is when the

scientist is interested in the ecological relationships among
the individuals (e.g., competition for food or trophic inter-

actions) and how these bind the collective into a coherent

group. It should be noted that “grasshopper community”

may include nongrasshopper species as communities are

often named for the dominant, but not sole, taxon [17].

Examples of studies in which interactions are the perspective

taken by the researcher include “Arid grassland grasshopper

community structure: comparisons with neutral models”

[31] and “The role of vertebrate and invertebrate predators

in a grasshopper community” [32].

4.4. Grasshopper Guild. The term “guild” is not often used

to describe a group of grasshoppers. However, it is worth

considering what sorts of features this concept picks out and

the contexts in which it would be appropriately used (versus

assemblage, population, or community).

Although “guild” is not defined in several of the sources

used in this analysis [18, 20, 28], those that include the

term agree on its meaning: a group of (perhaps closely

related) species which use an ecological resource, usually in

a common fashion [16, 17, 19]. Like a community, a guild

includes multiple species. But the distinguishing feature of

the group is more specific than in the case of a community,

where any relationship could provide a conceptual unifi-

cation. Because of their reliance on a common resource,

members of a guild have a similar role in the community

[17].

It is the scientist’s interest in this ecological function (and

the fact that such a function actually exists) that makes it

appropriate to refer to the “forbivore guild of grasshoppers”

or the “scavenger guild of grasshoppers”. An apropos use of

the term is exemplified by Owen-Smith and Dankerts [33]:

Grasshoppers in the Pyrgomorphidae, as well as

certain of the Pamphagidae, Catantopinae and Tet-

tigoniidae, feed primarily on forbs and small shrubs.

Evidently nibbling by the grasshopper guild is more

evenly spaced over the herbaceous layer than is

grazing by ungulates.

“Guild” is presumably uncommon in the acridological

literature because of the relatively narrow specificity of the

research interest. The diverse feeding habits of grasshoppers

means that they are collectively subsumed under herbivory

(detritivorous and necrophagous behaviors notwithstand-

ing), and to refer to the “herbivore guild” (or even the

“insect herbivore guild”) would entail many taxa other than

Acrididae or Orthoptera. However, there would appear to

be some cases in which grasshoppers can be reasonably

understood to comprise a guild.

4.5. Terminological Perspectivism. The terms used for groups

of grasshoppers should (and often do) reflect the interests

of the scientist, such that others can reasonably infer the

ecological or other perspective of a particular study. There

may well be more terms for groups than I have analyzed here,

and should these alternatives more effectively communicate

the nature of an investigation they ought to be used.

However, the descriptors in Table 1 represent the most

common terms used by acridologists and ecologists and

cover many, perhaps most, of the ways that we perceive

grasshoppers in the field.

5. Summary: The Pragmatist’s View of

the Right Term for a Group of Grasshoppers

No investigation of a group of grasshoppers is motivated

by all of the interests pertinent to acridology. For example,

if one is attempting to understand the interactions among
individuals within a given year, then it is not plausible to be

also investigating the environmental factors associated with
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the numerical dynamics of the group over the course of a

century. But neither is it defensible to contend that one or

the other of these perspectives is better or somehow more

reflective of actual groups of insects in the world. We might

think of the ways of perceiving a group of grasshoppers

as being ecological lenses. The features visible through the

“community lens” are not evident via the “population lens”.

Giere [10] recognized the importance of understanding

scientific inquiries as partial truths when he argued the

following:

[T]his multiple rootedness need not lead to “any-

thing goes” perspectival relativism, or an anti-

naturalist worship of common sense, experience,

or language. It yields a kind of multi-perspectival

realism anchored in the heterogeneity of “piecewise”

complementary approaches common in biology and

the study of complex systems.

At this point, one might reasonably wonder about

the nature of truth for the advocates of constrained per-

spectivism. Is terminology merely a matter of linguistic

convention or can we assert that a term is correct? The

philosophy of pragmatism entails what has been called radi-

cal empiricism [34], an approach consonant with scientific

inquiry. We know what is true via our testing of ideas

through their application in the world. The pragmatists

eschewed debates about ontology and metaphysics that were

not based on biophysical evidence. Arguing about reality and

its properties was a fruitless endeavor unless there were actual

consequences of being right (or wrong). This view gave rise

to Richard Rorty’s analysis that truth is the compliment we

pay to ideas that work [11]. What then does it mean for an

idea to “work”?

According to the pragmatists, an idea worked if it served

as the basis for an action resulting in an outcome that

satisfied genuine (not superficial or merely expedient) needs

and desires. In short, an idea was true if it led to behaviors

that fulfilled our interests as human beings. It is this concept

that allows one to assert that a particular term for a group of

grasshoppers is the right one.

The test of whether “grasshopper population” or

“grasshopper community” is a true description of a group

of these insects is rather straightforward. Does adopting a

particular perspective and using the associated term allow

us to act in the world in ways that accord with our interests

(both with regard to understanding the organisms and

being understood by our colleagues)? The term “grasshopper

population” is the right choice if this conceptual framework

facilitates our investigation of a feature ofthe group (e.g., the

rate of change in the density of the insects by the application

of an appropriate model) and conveys to others the nature of

our inquiry (e.g., our investigation concerns spatiotemporal

dynamics rather than interactions structuring the group or

other possible interests).

In this pragmatic context, I would propose that one of

the reasons why pest management of rangeland grasshop-

pers is often conducted with nominal regard to beneficial

and innocuous acridid species is the conceptual lumping

that follows from referring to “grasshopper population

outbreaks”. In effect, treatment programs target all of the

grasshopper species which are amalgamated into a single

group of pestiferous insects. And such homogenization can

have highly deleterious consequences, such as the inadvertent

suppression of high densities of beneficial species [35]. One
has to wonder whether such mistakes might be avoided ifwe
focused on ecological relations and referred to treatments

of “grasshopper communities”. Such a terminological shift

might entail our paying significantly greater attention to

the more ecologically complex functions of these insects. In

this context, treating a “grasshopper assemblage” might be

politically expedient but fail to convey the environmental

concerns that attend pest management interventions.

As scientists, we want to pick out “natural kinds” in

the world—those groups that represent objective, mind-

independent collections of individuals [36, 37]. And there is

reason to believe, for example, that “all of the grasshoppers

that eat forbs” in a given habitat reflects an actual ecological

group of individuals much more so than “all grasshoppers

that were named by Samuel Hubbard Scudder”. In the end,

however, the pragmatist recognizes that we do not have direct

access to the way the world really is; we cannot know if our

perspective uniquely or wholly corresponds with objective

reality. What we can know is whether reality exists in such a

way that our acting as if a group was real leads to actions that

yield results consistent with human needs and wants. The

right term for a group of grasshoppers is one that picks out

and communicates one of a large number of “useful kinds”

[11]—and it is my hope that this paper has made some

practical contribution to our understanding of the natural

world and one another.
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Mites (Acari) associated with the seed harvester ant Messor pergandei were investigated in the Sonoran desert of Arizona. At

least seven representatives of the mite genera Armacarus, Lemanniella, Petalomium, Forcellinia, Histiostoma, Unguidispus, and

Cosmoglyphus are phoretically associated with M. pergandei. Most of these morphospecies show preference for specific phoretic

attachment sites and primarily use female alates rather than male alates for dispersal. Five mite morphospecies were found in low

numbers inhabiting the chaff piles: Tydeidae sp., Procaeculus sp., Anystidae sp., Bakerdania sp., and Tetranychidae sp. The phoretic

Petalomium sp. was observed consuming fungus growing on a dead queen, but the roles of the other mite species remain mostly

unresolved.

1. Introduction

The Sonoran Desert occupies the southwestern portion of

Arizona and extends into California and Mexico. It is a

harsh environment characterized by little rainfall, widely

spaced shrubby vegetation, saguaro cacti, sandy soil, and

high summer temperatures
[ 1 ]

.

Seed harvesting by some desert ants is an adaptation to

the lack of typical ant resources such as prey or honeydew

from homopterans [2]. Harvester ants increase seed disper-

sal, protection, and provide nutrients that increase seedling

survivorship of the desert plants [2-5]. In addition, ants

provide soil aeration through the creation of galleries and

chambers, mix deep and upper layers of soil, and incorporate

organic refuse into the soil [6].

Messor pergandei (Mayr) (length: 2.5-7 mm) is one of

the most conspicuous and thoroughly studied species of

seed harvesters found in the southwestern United States.

This species forms populous, long-lived colonies with an

estimated 30,000 to 50,000 workers [7, 8]. Its nests have

been estimated to span 15.5 m in underground diameter, and

extending to a depth of 4m [2]. Nests have conspicuous

crater entrances (usually 2-3 per nest), which are surrounded

by chaff (refuse) piles [9]. Mating flights in this species occur

primarily in February when temperatures reach approxi-

mately 22°C [10].

Mites (Acari) often attach to larger arthropods for

dispersal (phoresy). Through this primarily commensal

relationship, mites are able to exploit scattered habitats more

successfully than they would be able to do without external

assistance [11]. Often phoretic mites are so synchronized

with their hosts that they are able to detect subtle changes in

life cycle or other aspects of their host species. For example

it has been documented that if the host’s sex determines the

mites’ continued survival or transport to a habitat, the mites

board the sexes differentially [12],

Previous work on ant associated mites has been limited

primarily to descriptions of new species. The majority of

ecological studies regarding myrmecophiles has focused on

large arthropods (often Coleoptera), and most of the studies

refer to the Acari recovered from the nest as simply “mites” or

at another broad taxonomic level which provides little insight

into the possible roles of the mites within the ant colonies

[13-15],

The biology, behavior, and ecology of M. pergandei have

been studied in detail, but no previous publications have
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mentioned arthropod associates of this common desert ant

species. Mites known to be associated with other Messor

species are shown in Table 1. All of these records are

Middle Eastern or European and most (except two scutacarid

species) are large mesostigmatid mites. Earlier (1997, 2007)

unpublished collections by S. W. Rissing and W. H. Schaedla

from M. pergandei alates (unmated winged reproductives),

included small numbers of Petalomium sp. (Heterostig-

matina: Pygmephoridae), Cosmoglyphus sp., Forcellinia sp.

(Astigmatina: Acaridae), and Lemanniella sp. (Astigmatina:

Lemanniellidae). The latter marked the first record of this

family in the United States. What is unclear is whether

this assemblage represents the complete set of mite species

associated with M. pergandei.

The following study was implemented to: (1) generate a

complete list of the phoretic mite species associated with M.

pergandei alates, (2) determine the phoretic attachment sites

of the mite species, (3) test if phoretic mites show preference

for female rather than male hosts, and (4) suggest possible

roles of the mites in the ant colonies.

2. Methods

2.1. Collection Dates and Localities. The majority of the mites

from M. pergandei nests were collected at: USA., Arizona,

Pinal County, Casa Grande, W McCartney Rd, East of I- 10

(32.9398° N, 111.6641° W). A couple of collections occurred

at a nearby site: N Cox Rd at W McCartney Rd, East of I-

10 (32.9299° N, 111.6891° W). The dominant vegetation in

the study area is the creosote bush, Larrea sp., with small

numbers of saguaro, Carnegiea gigantea Britton & Rose.

Collections were made from 12-22 February 2008. The two

sites are located near to each other and match those of the

Rissing and Schaedla collections.

2.2. Field Collection Methods. Alates were collected prior to

the mating flights by excavating the upper chambers of the

nests around the entrances (to a depth of approximately 30-

60 cm). If alates were present, excavation continued until no

further alates were found. Alates were deposited individually

into empty 2 mL Eppendorftubes labeled chronologically on

the lids. Tubes with alates from different colonies were placed

into separate plastic bags and labeled with a field number. If

no alates were apparent after multiple excavation attempts

at all entrances, the colony was assumed to not have any

accessible alates.

After returning from the field, live alates were carefully

examined for phoretic mites using a stereomicroscope

(25-50x). Each ant’s field number, sex, and the number
and location of phoretic mites were recorded. Alates were

returned to their original Eppendorf tubes and preserved in

95% ethanol. The numbers of ants with and without mites

for each colony were recorded for prevalence calculations

(number of infested hosts/number of hosts examined) [21],

Chaff accumulates as a contiguous mass outside of active

nest entrances and can be easily peeled up from the sand.

Chaff piles were collected from six nests (multiple entrances

of the same nest were combined) prior to excavation for

alates and enclosed in 473 mL clear plastic deli containers for

transport. Collapsible nylon Berlese funnels (using 40 watt

bulbs) were hung in a garage for two days to extract any chaff-

inhabiting mites into 100 mL Nasco Whirl-Paks half filled

with 95% ethanol.

2.3. Recovery and Preservation ofMites from Ants and Chaff.

All collections (ants and chaff products) were transported to

the Acarology Laboratory at Ohio State University. Contents

of the Eppendorftubes holding the alates with phoretic mites

were examined, mites were counted, and representatives

were cleared in lactophenol then mounted on slides in

Hoyer’s-Strandtmann’s medium. Berleseates from chaffwere

searched for mites, and exemplars of each morphospecies

were also mounted on slides.

Mites were rarely observed still clinging to the host in

the ethanol tubes. Therefore original mite attachment sites

on host alates were determined by merging lab and field

notes; the number of mites of each species recovered from

a host was compared to field notes documenting the number

at each bodily location. Specimens that were documented

in the field, but not subsequently recovered in the lab were

not included in the attachment site specificity summary
(Table 5). Mites which were undocumented in the field, but

later found in the tubes were categorized as specimens with

“unknown” phoretic locations.

2.4. Mite Identification and Vouchers. Mites were identified

using a published key to families of Astigmatina [22] and an

unpublished key to the genera of Acaridae (OConnor, pers.

comm.), Savulkina’s [23] generic key for pygmephoroids

(Heterostigmatina), and Walter et al.’s [24] key to families

of soil Prostigmata. Attempts to identify the phoretic taxa

to species failed, as none of these taxa matched available

descriptions. Consequently, mites were identified to mor-

phospecies (called “species” throughout the text).

Voucher specimens for all mite species are deposited

in the Ohio State University Acarology Collection (OSAL)

under the following names and accession numbers (total

number of slides for each species in parentheses): Armacarus

Messor spl (71)-OSAL0007082, Lemanniella Messor

spl (28)-OSAL0007039, Petalomium Messor spl (36)-

OSAL0007035, Forcellinia Messor spl (2)-OSAL0007105,

Histiostoma Messor spl (2)-OSAL0092942, Unguidispus

Messor spl (1)-OSAL0007060, Nanorchestidae Messor spl

( 1 )-OSAL0092938, Tydeidae Messor spl (7)-OSAL0 102747,

Procaeculus Messor spl (l)-OSALOl 02748, Anystidae

Messor spl (1)-OSAL0102750, Bakerdania Messor spl

(1)-OSAL0102740, and Tetranychidae Messor spl (1)-

OSALO 102749. A voucher specimen of Messor pergandei

is deposited in the Ohio State University Insect Collection

under accession number OSUC0359951.

2.5. Statistical Analysis. The proportions of infested male

and female alates were analyzed using a logit model with

the log odds ratio of the proportion of individuals infected

(prevalence) and the proportion uninfected as the response

variable and sex as a categorical predictor variable. Analyses
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Table 1: A list of mite species associated with ants of the genus Messor. Generic names follow current taxonomic standing.

Messor species Mite family Mite species Association Location Reference

M. harharus Messoracaridae Messoracarus mirandus Silvestri On head Italy [16]

M. capitatus
Laelapidae Myrmozercon acuminatus (Berlese) In nest Italy [17]

Laelapidae Myrmozercon brachiatus (Berlese) In nest Italy [17]

M. excursionis

Laelapidae
Laelaps (Hypoaspis ) intermedius

(Karawajew) (1)
In nest Turkmenistan [18]

Scutacaridae Imparipes placidus Khaustov & Chydyrov In nest Turkmenistan [19]

Circocyllibanidae Cillibano transversalis (Karawajew) (1) In nest Turkmenistan [18]

M. meridionalis Oplitidae Oplitis inopina (Hull) In nest Iran [20]

Oplitidae Oplitis leonardiana (Berlese) In nest Italy [17]

M. structor
Oplitidae Oplitis philoctena (Trouessart) In nest Italy [17]

Laelapidae Gymnolaelaps myrmophilus (Michael) In nest Czechoslovakia [20]

Trachyuropodidae Trachyuropoda magna (Leonardi) In nest Czechoslovakia [20]

Messor sp. Scutacaridae Imparipes ignotus Khaustov 8c Chydyrov In nest Turkmenistan [19]

(1) The taxonomic status of the two Karawajew species is unclear, their descriptions are incomplete, and we have found no record of use of these names since

the original description
[ 18] . Karawajew does note that his Laelaps intermedius is intermediate between L. myrmecophilus Berlese and L. myrmophilus Michael.

Both are currently placed in the genus Gymnolaelaps.

were conducted using the glm function in the base package

of R software [25]. Due to low collections of mites on male

alates (and many zeros in the data), the data were overdis-

persed relative to the binomial distribution. Likelihood ratio

tests were used to compare the following models: Ml -

intercept with overdispersion (null model) versus M2 -

intercept + sex + overdispersion, and M2 versus M3 - sex +

colony sex ratio (proportion of colony comprised of male

or female alates) + overdispersion. We hypothesized that the

effect of sex would be a significant variable predicting mite

prevalence (M2). Alate sex ratio (M3) of the colony would

not be significant unless mites were simply boarding hosts

based on abundance of the sex within the colony.

3. Results

3.1. Colony Collections. A total of 330 alates (140 males,

190 females) was collected from 16 ant colonies. Numbers
of alates ranged from 2 to 61 per colony. Most colonies

produced both sexes, but sex ratios were usually skewed

towards one sex or the other. Five colonies were collected

with only males or females (Table 2). Phoretic mites were

present on alates in 8 of the 16 colonies.

3.2. Mite Association with Female versus Male Alates. A total

of 90 male and 150 female alates was collected from the 8

mite infested colonies and 88 total alates had phoretic mites

(see Table 2). Average infestation rates across the 8 infested

colonies were 6.7% for males {N = 6) and 54.7% for females

{N = 82). The mean number of mites per male alate in

infested colonies was 1.67 (range 1 to 2, SD = 0.41, median =

1); female alates had a mean of 7.15 (range 1-30, SD = 7.10,

median = 5).

A total of 98% of the mite specimens was collected from

female alates. The results of the generalized linear regression

analysis showed the effect of sex (M2) to be of borderline

Table 2: Total number of male (M) and female (F) alates collected

per colony of the ant Messorpergandei and abundance of associated

phoretic mites.

Colony Total M Total

F

# M with mites # F with mites

1 15 6 2 6

2 9 48 0 11

3 7 30 0 6

4 2 1 0 0

5
1

1 3 0 2

6 0 10 — 7

7 0 1 — 0

8 5 1 0 0

9 1 0 2 — 2

10 0 4 — 0

11 56 5 4 2

12 2 46 0 46

13 14 0 0 —
14 4 13 0 0

15 10 16 0 0

16 15 4 0 0

1

Two colonies collected at the Cox Rd site. All other colonies were collected

at the W McCartney Rd site. Dashed lines mean no alates of that sex were

present within the colony.

significance (P = .0548). The likelihood ratio test for Ml
(overdispersion null model) versus M2 was significant (P =

.008), indicating that effect of sex is a strong predictor of alate

infestation probability. Sex ratio was not a significant variable

in the model alone (P = .271) or with effect of sex, as in M3
(P = .309). The Analysis of Deviance table and predicted

and observed prevalence for mites on males and females

(using M2) are shown in Table 3. Mites showed significant

preference for females independent of the available sex ratio

within the colony.
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Table 3: Host sex preference of phoretic mites, (a) Analysis of

Deviance table. Results of the comparison of the null model (Ml)

and the model with sex included (M2), (b) Observed and predicted

(using Model 2) male and female infestation prevalence values.

(a) Analysis of deviance table

Model df Resid. Dev. df Deviance Resid. P(>|Chi|)

Ml null 32 309.36

M2 sex 33 382.74 1 73.38 0.0076

(b) Prevalence probabilities

Sex Obs. Prob. Std. Error Obs. Pred. Prob

M 0.017 0.52 0.043

F 0.35 1.91 0.43

3.3. Phoretic Mite Species and Abundance. The total of

593 mite specimens recovered comprised representatives of

6 genera: Lemanniella
,
Petalomium

,
Forcellinia, Armacarus

(Acaridae), Histiostoma (Atigmatina: Histiostomatidae), and

Unguidispus (Heterostigmatina: Microdispidae). One mite

specimen belonging to the family Nanorchestidae was found

in a vial with a female alate, but is likely a contaminant from

soil.

Armacarus sp. comprised 83% of the mites collected;

however, 488 of 490 specimens were found in a single colony.

Lemanniella sp. and Petalomium sp. comprised 10% and 7%
of the collections, respectively. Forcellinia sp., Histiostoma

sp. and Unguidispus sp. were collected as doubletons or

singletons. Mite abundances and their host sex preferences

are shown in Table 4.

3.4. Attachment Site Specificity. Observation of living ant

specimens prior to placement in alcohol is necessary to gain

a clear understanding of the mite phoretic attachment sites,

as phoretics do not hold on to their host in alcohol. The

number of mites found at specific phoretic locations on the

host is presented in Table 5. Armacarus sp. were found on

various sites on the host, but the majority (388 of the 490

mites) were found attached anterior-ventrally to the gaster.

Armacarus sp. individuals would often arrange themselves in

the same direction, with legs I oriented toward the posterior

end of the ant. Lemanniella sp. were found primarily (48 of

56 mites) under the head, beneath the psammophore (beard-

like hairs found in desert ant species, used for movement of

sand). Petalomium sp. were generally (29 of 42 mites) found

in the ventral position, particularly between the second and

third coxae. Forcellinia, Histiostoma, and Unguidispus sp.

were found in too low of numbers to make generalizations

concerning their phoretic locations.

Precise documentation of mite attachment sites is diffi-

cult and depends on the method of collection. Rettenmeyer

[26] collected mites from army ants using jars with ether, but

noted that the mites often became caught in condensation

on the jar walls and subsequently lost. Freezing may be an

alternative, but any manipulation of dead ants may result in

the release of mites from their sites of phoretic attachment.

Moreover, thawing can cause the same issues through vapor

condensation.
3.5.

Mites in Chaff Piles. Only 3 of the 6 chaff piles

hosted mites, generally in low numbers. The majority of

mites recovered from chaff piles were small, soft bodied

Prostigmata. With the exception of one, a very abundant

species found in two chaff piles, Tydeidae sp., most of

them, such as Procaeculus sp. (Caeculidae), Anystidae sp.,

Tetranychidae sp., and a nonphoretic female of Bakerdania

sp. (Pygmephoridae) were singletons.

4. Discussion

4.1. Yearly Variation and Phoretic Mite Species Richness.

Representatives of 6 mite genera Armacarus, Lemanniella,

Petalomium, Forcellinia, Histiostoma, and Unguidisipus were

found associated phoretically with M. pergandei alates. The

1997 and 2007 collections by Rissing and Schaedla included

Cosmoglyphus sp., a species not collected in this study. In

contrast they were lacking Armacarus sp., the most abundant

mite species encountered in this study (primarily in a single

colony). It is likely that mite populations exhibit fluctuations

in abundance and ubiquity in different years. The mite

community may also change in composition throughout

the year depending on resource availability. This could

not be tested, however, because all of the mites collected

in 1997, 2007, and 2008 were collected in February and

March, months in which opportunity of dispersal to new
colonies by alates is the greatest. To obtain a complete list

of ant-associated mites and their yearly or seasonal cycles, a

continual sampling regime is required.

4.2. Attachment Site and Host Sex Specificity ofPhoretic Mites.

Attachment site specificity is apparent in the frequently

sampled mite species, Armacarus sp., Lemanniella sp., and

Petalomium sp. Although most mites were found in several

locations on the alates, a preference for one or a couple

of key locations is apparent. In highly infested ants, the

mites commonly spilled over to locations beyond their

primary attachment sites; however, when only a few mite

individuals were present, they were found primarily at their

preferred locations on males as well as females. For example,

Lemanniella sp. rode on the underside of the ants’ heads,

in both males and females, even though M. pergandei males

have much smaller heads and less developed psammophores

than the females. How the mites select and distribute

themselves at attachment locations remains unresolved.

Mites showed a marked preference for female alate

hosts, and except Unguidispus sp., which was represented

by a singleton, the majority of the representative specimens

(98.8%) were found on female alates. Male M. pergandei

die soon after mating, as is the case for most ant species.

Apparently to select a female host is an advantage for a mite

requiring resources in the ant nest. The desiccating desert

environment provides little time for survival on a dead male

host, and this also supports selection for a female host. Mites

can be transported back to a nest by way of necrophagic
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Table 4: Number of representative specimens of the six mite genera found on male (M) and female (F) alates on Messor pergandei.

Colony (1)

Armacarus

M F

Lemanniella

M F

Petalomium

M F

Forcellinia

F

Histiostoma

F

Unguidispus

M Total

1 0 1 2 15 0 2 0 0 1 20

2 0 0 0 0 0 13 0 0 0 13

3 0 0 0 0 0 6 0 0 0 6

5 0 0 0 9 0 0 0 0 0 9

6 0 0 0 20 0 2 0 0 0 22

9 0 0 0 6 0 4 0 0 0 10

11 0 1 0 0 4 1 0 0 0 6

12 0 488 0 4 0 10 2 2 0 507

Total 0 490 2 54 4 38 2 2 1 593

Abundance (%) 82.63 9.44 7.08 0.34 0.34 0.17

( 1) Colony number corresponds to those listed in Table 2.

Table 5: Attachment site preferences for phoretic mite species on Messor pergandei.

Location Armacarus Lemanniella Petalomium Forcellinia Histiostoma Unguidispus

Ventral head 7 48 0 0 1 1

Neck 0 0 3 0 0 0

Dorsal thorax 28 1 1 0 0 0

Lateral thorax 11 0 0 0 0 0

Ventral coxae 6 0 29 0 0 0

On leg 11 0 3 2 0 0

Petiole 16 0 0 0 0 0

Gaster 388 0 0 0 0 0

Unknown 23 7 6 0 1 0

Total 490 56 42 2 2 1

activity by ants, and the scarcity of resources in the desert

may increase the frequency of necrophagy.

The seven mites associated with male ants occurred in

two colonies with male-biased sex ratios. In all female-biased

colonies only females carried mites. This may indicate that

host sex preference is strongly influenced by host availability

rather than sex of the host. However, it is more likely that

males are infested in situations in which females are rare or

more difficult to find. This idea is supported by the lack of

significance for the model including sex ratio (M3). In cases

of phoretic mites on males, males were more abundant than

females in the nest, yet smaller percentages of males were

found with mites.

Other studies have shown similar preference for females.

Ebermann and Moser [27] collected five species of mites

in the family Scutacaridae associated with red imported

fire ant alates ( Solenopsis invicta Buren) in Louisiana. In

another study of the red imported fire ant, mites in the genus

Histiostoma also showed preference for females [28]. Our
study provides further support for this type of mite host

selection on a previously unexplored ant genus.

4.3. Mites in ChaffPiles. Chaff piles appear to comprise little

mite diversity. Chaff was very dry despite recent rain in

the area; humidity is probably the main factor influencing

mite abundance and diversity in the chaff pile. The piles

are primarily composed of seed husks and small pieces of

plants, but seem to be cemented together by fungal mycelia.

The Bakerdania sp. was likely feeding on fungus, as most

species of the family Pygmephoridae do. Procaeculus sp. and

Anystidae sp. are predators, and tetranychid mites are plant

feeders. The latter may have been deposited in the chaff on

plant material refuse by ants. Mites of the family Tydeidae

are fungivores, predators, and pollen feeders and their role in

chaff piles remains unresolved.

4.4. Possible Roles ofPhoretic Mites. During phoresy no harm
or benefit is brought upon the host, and once the host

reaches a suitable habitat, the mite will disembark, develop

into a feeding instar, and subsequently reproduce [11]. Mites

in the genera Petalomium and Unguidispus have stylet-like

chelicerae that are typical of fungivores. Many of them are

feeding specialists, and during phoresy, they may carry fungal

spores in order to inoculate their habitat [29, 30]. Laboratory

rearing has documented that the mite Petalomium fibrisetum

Ebermann & Rack, associated with Lasius flavus (Labricius),

fed on hyphae of various fungi available in ant nests. In

this mite species a lack of food triggered development of

phoretic females [31]. In our study, Petalomium sp. was

observed feeding on a white fungus growing on a dead
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M. pergandei queen in the laboratory, providing further

support for fungivorous habits. Fungivory by mites may
be beneficial to the ant colonies, particularly if the mites

control entomopathogenic fungi, or fungi growing on food

stores. Numerous fungal species exist in ant colonies and

soil habitats, so commensalism in the ant colonies can be

expected.

Observations concerning the role of astigmatid mites

in ant nests are rare in the literature. Mites of the genera

Forcellinia, Cosmoglyphus, Armacarus and Lemanniella are

almost exclusively found in association with ants, but pub-

lished biological observations are restricted to Lemanniella.

Lemanniella minotauri Wurst was reared in a laboratory,

and its feeding instars were observed to be ingesting a

black fungus growing in Lasius brunneus (Latreille) nests.

Lemanniella minotauri was also observed riding under the

head of the I. brunneus host [32],

Chelicerae of mites of the family Flistiostomatidae are

modified into feathery filter-feeding structures. These mites

tend to inhabit wet substrates where they filter and ingest

organic material and microorganisms. Some mutualistic

mites of the genus Anoetus remove pathogenic microorgan-

isms from pollen and nectar in the nests of halictid bees [22]

.

Histiostoma polypori (Oudemans) was observed developing

and feeding on a decaying earwig host after it had died [33].

Phoretic deutonymphs of Histiostoma sp. associated with M.

pergandei might ingest bacteria within the ant nest as later

instars or await the death of their hosts to feed on them as

scavengers.

It is unlikely that any of the mite species collected on

M. pergandei are ectoparasites of these ants. More likely

these mites, after their phoretic stage, become commensals

or mutualists, eating fungi and bacteria within the nest.
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Locusts and grasshoppers (L&G) (Orthoptera: Caelifera,

Acridoidea) are an essential component ofboth, healthy, and

disturbed grassland ecosystems. These insects are abundant

in natural and anthropogenic habitats (rangelands, wetlands,

agricultural fields, lawns, etc.). They stimulate plant growth,

participate in nutrient cycling, and play important role

in food chains [1-5]. Some grasshoppers are proposed as

ecological indicators of ecosystem qualities and efficacy of

ecological networks [6]. On the other hand, when their pop-

ulations grow to catastrophic dimensions, L&G are among
the most devastating enemies of agriculturists. Outbreaks

of locusts such as Schistocerca gregaria (Forskal, 1775),

Nomadacris septemfasciata (Serville, 1838), Locusta migra-

toria Linnaeus, 1758, Calliptamus italicus (Linnaeus, 1758),

Dociostaurus maroccanus (Thunberg, 1815), Chortoicetes

terminifera (Walker, 1870), and many abundant grasshopper

species continue to occur on all continents except Antarctica

and affect the livelihoods of one in every ten people on Earth.

Such L&G outbreaks are now better controlled and their

frequency and size have been reduced with the application

of preventative strategies [7, 8]. However, invasions still

persist. During the outbreak of the Desert locust S. gregaria

in Africa in 2003-2005, over eight million people suffered

from severe 80 to 100% crop losses [9]. To combat the

locust swarms, 13 million hectares in 22 countries on three

continents were treated with broad-spectrum neurotoxins.

Such transcontinental operation, including the food aid for

affected population, cost over half a billion US dollars to the

world community [10].

Losses to L&G are not limited to crop and rangeland

destruction. Besides the economic damage and its subse-

quent negative social impact, L&G outbreaks may seriously

alter ecological processes across landscapes (e.g., carbon and

water cycles). The rapid loss of vegetation cover may result

in soil erosion and increased runoff. L&G can also destroy

food sources for many animals and thus affect biodiversity;

such effects may be particularly pronounced in isolated

insular ecosystems [11]. Large-scale L&G control programs

can also affect biodiversity, including that of nontarget

grasshoppers [12]. Despite decades of intensive research,

the mechanisms underlying L&G population dynamics (and

for locusts: phase transformation) are not fully elucidated.

Only recently, significant advances were made in our

understanding of L&G behavior and ecology, particularly

individual and group movement, nutritional requirements,

and biochemical mechanisms underlying the transformation

between solitarious and gregarious locust phases [13-15]; see

also review in [16].
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Besides the notorious pests, this group of insects includes

many understated rare species which require protection [17—

19]. To complicate the picture, following landscape changes

induced by human agricultural activities, some economic

pests may become exceedingly rare [20]. On the other hand,

many orthopteran species benefit from human-induced

landscape changes and increase their abundance [18, 21].

Disturbed and new habitats can be important for spreading

and living of some native and alien grasshopper forms

[18, 21, 22]. At the same time, many of rare grasshopper

species are threatened by anthropogenic influences, such as

overgrazing and ploughing [18]. However, in various areas,

such as temperate Eurasia or in Tropical Madagascar, several

centers of orthopteran diversity and endemism overlap

with areas of frequent L&G outbreaks [23-25]. This means

that problems of plant protection and conservation biology

should be solved on the complex basis of a holistic approach.

However, it is hardly ever the case; pests and rare species are

usually studied separately, and their possible relationships are

not explored.

Although the general patterns of grasshopper distribu-

tion are described for different regions [26-28], the main

factors and processes determining grasshopper diversity

patterns at different scales are still under discussion. Impor-

tance of temperatures and precipitation is evident, but the

distribution of many species, populations, and assemblages

could not be explained by macroclimatic factors only [29].

This means that the role ofother factors and processes should

be investigated more thoroughly. At a regional level, it is

possible to establish the general pattern of regional biodiver-

sity and explain how the spatial distribution of populations

permits species with various origins and different ecological

preferences to coexist [30].

An example of this approach is the opening article for

this special issue of Psyche, in which M. G. Sergeev reviews

distribution patterns of over 130 species of grasshoppers

and their kin in the boreal zone. Grasshoppers and their

relatives occupy there almost exclusively open habitats, such

as meadows, mountain steppes and tundras, clearings, open-

ings, bogs, and stony flood plains. The boreal orthopteroid

assemblages exhibit low species diversity and abundance.

Based on the biogeographic analysis, the author concludes

that relationships between the faunas of the Eurasian and

North American parts of the boreal zone are relatively

weak.

Local grasshopper distribution patterns have been dis-

cussed since the beginning of the 20th century. Possible

relationships between grasshopper diversity, plant species

composition, and habitat structure have been discussed for

many decades. The paper of D. H. Branson (second in

this special issue) provides an example of such studies. The

author found these relationships too complicated for simple

explanations. The type, level, strength, and complexity of

these relationships may be determined not only by local but

also by regional patterns. Consequently, to evaluate general

trends in grasshopper diversity one should study all main

regions and ecosystems in the same manner. This idea may
serve as a basis for an ambitious regional study.

The third paper of the special issue is devoted to a

complex terminological issue. Acridologists have used a

variety of terms to describe groups of grasshoppers, includ-

ing assemblage, community, guild, and population. This

terminological diversity has raised the question of whether

one of these descriptors is the correct one. The author, J.

A. Lockwood, argues that a term is correct if it accurately

reflects the conceptual framework of the investigator and

effectively communicates this perspective to others. He
describes the contexts in which the most common terms are

appropriate.

In the next paper, O. Olfert et al. investigate the impact

of climate changes on distribution and relative abundance

of a pest grasshopper of major economic importance in

North America, Melanoplus sanguinipes. Various scenarios

of climatic changes were used to parameterize a bioclimatic

model of this species. Compared to predicted range and

distribution under current climate conditions, model results

indicated that M. sanguinipes would have increased range

and relative abundance in more northern regions of North

America. Conversely, model output predicted that the range

of this crop pest could contract in regions where climate

conditions became limiting. However, some caution has been

expressed by authors. The impact of biotic factors such as

natural enemies should also be considered, and bioclimatic

modeling of grasshopper populations will surely benefit

in the future from a multitrophic approach (host plants-

grasshoppers-natural enemies).

The fifth paper of this special issue by H. Song reviews the

current state-of-the-art regarding locust phase polyphenism

in species other than the two model locusts. Although the

mechanisms of locust phase transformation are relatively

well understood for the Desert locust and the Migratory

locust, they remain largely obscure in nonmodel locust

species. The author found similar density-dependent pheno-

typic plasticity among closely related species. He emphasized

the importance ofcomparative analyses in understanding the

evolution of locust phase and proposed a phylogeny-based

research framework for future analyses.

In the next paper M. Lecoq et al. present a typology quan-

tifying density-dependent color change in the Red locust

nymphs. This information can contribute to improving

the reliability of the data collected by the National Locust

Centers when surveying this major pest. The authors, in

Madagascar, sampled hoppers from several populations of

different density and measured the color of different body

parts as categorical variables. They found that color change

is positively correlated with population density. This study

is an important contribution to our knowledge of locust

coloration in the field, for which there is currently a weaker

understanding than that for laboratory populations.

The seventh paper of this special issue by S. O. Ely et al.

discusses the diel behavioral activity patterns of solitarious

Desert locust adults. The authors found that the insects

were more attracted to volatiles from potted Heliotropium

ovalifolium in scotophase than in photophase. The attraction

towards the host plant odors, in both photophase and

scotophase, concurs with previous observations on locust

oviposition preferences near these plants.
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In the eighth paper, R. B. Srygley and S. T. Jaronski report

experiments with Beauveria bassiana (Fungi: Ascomycota),

an entomopathogenic fungus that serves as a biological con-

trol agent of Mormon crickets Anabrus simplex Haldeman

(Orthoptera: Tettigoniidae) and other grasshopper pests.

They demonstrated an immune response of infected Mor-

mon crickets and concluded that circulating phenoloxidase

may be an important enzymatic defense against Beauveria

infection, and that it is associated with attempted clearing

of Beauveria blastospores and hyphae from Mormon cricket

hemolymph.

Alexandre Latchininsky

Gregory Sword

Michael Sergeev

Maria Marta Cigliano

Michel Lecoq
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Five cases of colony emigration induced by removal of nest envelope and combs and a single one by manipulation are described.

The disturbance was followed by defensive patterns, buzz running, and adult dispersion. An odor trail created by abdomen

dragging, probably depositing venom or Dufour’s gland secretions, connected the original nest to the newly selected nesting place

and guided the emigration. The substrate of the selected nesting place is intensely sprayed with venom prior to emigration, and

this chemical cue marked the emigration end point. The colony moves to the new site in a diffuse cloud with no temporary clusters

formed along the odor trail. At the original nest, scouts performed rapid gaster dragging and intense mouth contacts stimulating

inactive individuals to depart. Males were unable to follow the swarm. Individual scouts switched between different behavioral

tasks before and after colony emigration. Pulp collected from the old nest was reused at the new nest site.

1. Introduction

According to Sonnentag and Jeanne [1], three organizational

challenges must be faced when swarms disperse. The first is

that a subset of the population, the scouts, must find and

agree upon a suitable nest site. Second, the scouts induce the

rest of the colony to leave for the new site. Finally, scouts

guide the emigrating swarm to the new site. A division of

labor during the swarming and new nest initiation also has

been described [1-4].

West-Eberhard [5] described, for Epiponini, a pattern

of aggregation called clumped swarms. These consist of

temporary, compact clusters formed at intervals along the

swarming route while searching for potential nesting sites.

Clumped swarms have been described for Polybia ignobilis,

P. raui, P. occidentalis, and Parachartergus apicalis [6].

According to Hunt et al. [7], Apoica pallens also forms

temporary clusters during its emigration.

Scent marking behavior is of great importance to signal

the route followed by swarms. Jeanne [8, 9] experimentally

confirmed NaumamTs conclusion [10] that swarming wasps

follow a scent trail made by secretions of abdominal glands

applied to surfaces. According to Howard et al. [11], Apoica

pallens individuals were observed flexing their terminal

gaster segments dorsally while clustering in leaves during an

absconding event. This posture exposed the bases of the 5th

and 6th sternites, suggesting that the wasps were releasing

a pheromone from the sternal glands on these segments.

In this way, they would communicate via aerial signaling,

rather than by gaster dragging on substrate. Smith et al. [12]

suggested that wasps use diverse pheromones to coordinate

the swarm. Although gland identity has not been confirmed

for most cases, it seems safe to conclude that the gastral ones

are often involved.

Several Neotropical genera of epiponines, including

Parachartergus, lack Richard’s gland, and some lack the van

der Vecht’s gland as well [12]. In several species of these

genera, scouts still display the gastral rubbing and trail-

following behavior. Sternal glands are also absent in the

Paleotropical genus Polybioides. However, these wasps use

Dufour’s (Po . tabidus) and the venom gland (Po . raphigastra )

as sources of trail pheromone
[
12-14]

.
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Here, for the first time, the behavior of Pa. fraternus

scouts during forced emigration is described. I show that

Pa. fraternus wasps spray venom on the substrate of the

newly selected nesting site prior to emigration. Individual

behavioral flexibility displayed by scout wasps during the

emigration process is also described.

2. Material and Methods

I observed six swarming events in colonies of Pa. fraternus

over four years (2001-2004) during the months of February

to June. Four colonies (Cl, C2, C3, and C4) were studied on

a private property at Pedregulho, Sao Paulo State (20°15'S

47°27'W). Two colonies (C5 and C6) were relocated from

the same municipality to the University of Sao Paulo,

at Ribeirao Preto Campus. The relocations occurred after

sunset to ensure that all adult wasps remained inside the nest.

Five colonies were induced to emigrate by removing their

envelope and combs (Cl, C2, C3, C4, and C6). Workers and

queens were individually marked with different color dots on

the thorax. While the majority of the individuals were color-

coded at the original nest, some scouts were marked while

walking at the new nest site, and others were collected and

coded while gaster dragging in leaves nearby.

Queens were recognized by their characteristic behav-

ioral syndrome, in which their movement on the substrate

was slower than workers, their wings were always half-

opened, and the gaster was curved laterally (about 30

degrees) towards every approaching wasp (similar to the

gaster-bending display of Metapolybia queens mentioned by

West-Eberhard [15]). Queen status was confirmed through

oviposition observations in the new nest site after colony

establishment. Individual wasps observed dragging their

abdomens at the original nest substrate, on leaves or

prominent objects on the chemical trail or dragging and

venom spraying at the new nest site, were considered to be

scouts. A total of 1 1, 10, 29, 15, 10, and 12 queens were color-

coded in Cl, C2, C3, C4, C5, and C6, respectively. For the

workers, 38, 51, 40, 36, 198, and 37 individuals were marked

for each colony, respectively.

Relative age and ovary development data were taken

for individual wasps only from colony C3. For this, a

haphazard sample of color-coded workers was collected after

emigration, while laying an egg, or directly from inside the

nest when they arrived carrying pulp or water. Relative age

was estimated by the extent ofpigmentation ofthe transverse

apodeme across the hidden base of each sternite. In this way,

following Richards [16], West-Eberhard [17], Forsyth [3],

and Mateus et al. [18], females were assigned to the following

progressively older age classes: (1) no pigmentation; (2)

light brown; (3) dark brown; (4) black. Pattern of ovarian

development was checked only for scouts on this colony.

Scouts ovaries were categorized into five developmental types

following the methods described by Mateus et al.
[ 18] . Type 1

consisted of filamentous ovarioles bearing no visible oocytes.

Type 2 possessed slightly developed oocytes, while type 3

consisted of small well-defined oocytes. Type 4 were those

with at least one near-mature oocyte, while type 5 possessed

one or more well-developed oocytes.

Except for colony 5, which had been observed and video-

taped before the pre-emigration process, all colonies were

periodically videotaped beginning from the time envelope

and combs were removed until nest re-establishment at the

new nest site. Chemical trail deposition and the process of a

new nest site selection by scouts was observed and recorded.

At the new site, scouts were also periodically videotaped. On
the day after the nest structure removal, a video record of

the wasps clustered on the original nest substrate was used

to estimate the population for each colony. The cluster was

recorded early in the morning (i.e., about 07:00) before the

wasps started flying.

Swarming behavior comprises the entire sequence of

events from removal ofthe nest structures up to new nest site

settlement. Pre-emigration period was measured as the time

between removing the nest structures and the start of the

emigration process. The start point of the emigration process

was considered to be when large numbers ofwasps started to

fly around the original nest and then departed.

Foragers from colony C5 were color-coded and its

observations in the video tape showed that returns to

the nest with clearly distended abdomens and in general

exchanging the liquid at the nest entrance referred to water

foraging; while foragers presenting abdomens near to the

normal size, exchanging the resources inside the nest, and

spending long time outside the nest were supposedly nectar

foragers. Prey and pulp could be observed in the foragers

mandibles and were clearly distinguished by color and

shape.

3. Results

3.1. Chronological Account of the Swarming of Pa. fraternus.

Nest envelope and comb removal from five of the six studied

colonies (except colony C5), described above, was followed

by similar behavior in all studied colonies.

Removal of the nest structures provoked aggressive

defensive behavior including venom spraying directly into

the observer’s eyes through the mesh of the bee-suit veil,

buzz running, and dispersion. The buzz running executed by

this specie is similar to the one described by Sonnentag and

Jeanne [1] for Polybia occidentalism in which the wasp runs

rapidly on the surface of the original nest buzzing its wings

and performing quick stops followed by another running

event. Many of the disturbed wasps landed on nearby leaves

either alone or in small groups. After 20 to 30 minutes, the

dispersing individuals returned to the original nest site and

crowded on the remaining nest substrate fiber. As soon as

the returning wasps landed on the substrate, intense buccal

and antennal contacts were observed.

During and immediately after envelope and comb
removals, all six colonies displayed brood cannibalism. Many
wasps were observed removing large larvae from cells,

chewing them for a while and then dropping them on

the comb margin or after carrying them in the mandibles

in flight. In colony C5, when the envelope was partially
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removed to promote intranest observations, similar brood

cannibalism occurred involving medium-sized larvae.

During pre-emigration, some individuals were observed

dragging their abdomens on the substrate of the original

nest before flying. Although the queens and some workers

remained inactive, other workers were walking faster than

usual. A few foragers returned with water, nectar, or prey and

rapidly transferred them to other adults. Some scouts were

observed to perform a slow hovering flight while facing the

nest 0.3 to 1.0 meters away, followed by landing on the nest

substrate or flying away. This type of flight corresponds to

that described by West-Eberhard [5] as a looping flight, and

it will be subsequently referred to this way.

Upon landing, scouts often antennated the substrate

while walking. Scout wasps visited leaves, tree trunks, fence

posts, walls, and prominent objects in different directions

within 50 meters from the nest. As the looping flights activity

increased, some scouts started gaster-dragging runs, which

consisted of rapid walking shaking its abdomen side to side

with the gastral sternites pressed and rubbed against the

substrate. Dragging runs are typically fast and followed by

flights. Scout wasps continually returned to the original

nest where they landed on the substrate walking faster than

usual, making many buccal contacts which were followed

by dragging and a new flight event. Over time, scout

numbers gradually increased. The increase in the number
of scout wasps could clearly seem in the video record of the

individuals on the leaves and other marked places along the

chemical trail.

At the end of the day, the individuals returned to the

original nest site and formed 3 to 5 overnight resting clusters

separated by 5 to 10 cm. The next morning, scouts began

flying soon after sunrise, and the number of scouts gradually

increased throughout the day.

The new nest site was found by following the flight

direction of scouts which had been dragging on peripheral

leaves and other prominent objects. At the new nest site,

groups of individuals were gaster dragging on the surface

and performing looping flights in front of the selected place

(colonies Cl, C2, and C3). After landing on the new nest

site, the scouts usually antennated and pressed their mouth-

parts against the substrate while walking. After that, they

performed gaster dragging and flight. These behaviors were

usually repeated many times by the same individuals and

followed the same sequence in every observation (Figure 1).

Following the return ofthe first scouts to the original nest

site, many unmarked individuals were observed following the

chemical trail, and landing on the new nest site adopting

the same behavior described for the scouts. About one

hour before the start point of the emigration, additional

behavioral changes were observed. On the original nest

site, speed and intensity of dragging behavior increased

as well as the number of individuals performing these

behaviors. Meanwhile, on the new nest site, as observed for

colonies Cl, C2, and C3, scouts were performing fast gaster-

dragging runs and bending their abdomen downwards, then,

after a quick stop, they sprayed venom on the substrate

(Figure 2). Close inspection of the videotaped instances

revealed extruded stings during venom spraying. No vapor

Figure 1: Cluster of scouts of Pa. fraternus from colony C2 visiting

a selected new nest site and gaster-dragging on the substrate surface

during pre-emigration.

Figure 2: Scouts of Pa. fraternus from colony C2 spraying venom
on the substrate at the new nest site prior to population departure

from the original nest.

clouds were observed after this venom spraying, nor could

liquids be found on the substrate although an intense smell

ofvenom was perceivable, and it was enough to cause allergic

reactions in the eyes and nose of the observer.

Trail followers arrived at the new nest site in a diffuse

cloud, and they flew in wide looping arcs before landing.

Early in the new nest initiation phase, a circle of individuals

formed surrounding the area containing queens and inactive

wasps and where the new nest structures were being built.

A few males were counted (6, 4, 5, 9) on the substrate of

the original nests after population departure in colonies C2,

C3, C4, and C6, respectively. No males were found at the new
nest site.

3.2. Individual Colony Emigration Details (Table 1 ). In colony

Cl, one hour before departure, 22 scouts were present at

the new nest site, dragging and spraying venom. About 20

minutes before the beginning of the emigration process,

the population size in the original nest was estimated to

be 280 wasps. Emigration itself was characterized by a high

number of wasps leaving the original nest and following

the chemical trail made by scouts. Several wasps hovered in
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Table 1: Data relating to emigration events for the six colonies of Parachartergus fraternus studied in Brazil. See text for additional details.

Colony number
Pre-emigration

initiation

(date and time)

Pre-emigration

duration

(hours)

Cluster of scouts

found prior to

emigration

Duration of

emigration

(minutes)

Date and

time of

emigration

Emigration

distances

(meters)

Population

estimate

Cl
02/25/01

10:35
50

02/26/01

15:00

12 scouts

30
02/27/01

11:30
28 290

C2
03/22/01

9:00
74.5

03/25/01

10:00

24 scouts

25
03/25/01

11:30
30 270

C3
03/03/03

11:30
48

03/05/03

11:00

40 scouts

35
03/05/03

11:23
28 350

C4
03/03/03

14:30
49 not found not observed

03/05/03

between

12:15-13:35

75 360

C5
06/14/03

8:00
55 not found 25

06/16/03

15:00
26 340

C6
03/23/04

18:30
67 not found not observed

03/26/04

between

12:50-13:45

33 320

front of the scent-marked leaves or landed on them, often

antennating the substrate while walking. One hour after

the start of the emigration process, 260 individuals were

estimated in the new site area. Some scouts continued gaster

dragging and spraying venom on the substrate at this point.

Emigrating wasps landed on the place where scouts had

sprayed venom. After most wasps reached the new nesting

place, some color-coded scouts returned to the original nest

using the chemical trail and stimulated the remaining wasps

to leave through buccal contacts and gaster dragging. Some
marked wasps were observed to collect pulp from the original

nest before and after emigration. The whole emigration event

lasted about 30 minutes.

In colony C2, one hour before emigration, 24 scouts

wasps were counted gaster dragging and spraying venom
on the new nest site substrate. Four minutes before the

beginning of population departure, one scout landed in

the new site with a small pulp ball in its mandibles. Two
minutes after the emigration started, 73 individuals were

estimated at the new nest site and, after ten minutes, about

100 individuals could be found there. The large number of

wasps spraying venom in the substrate produced a strong

smell of venom around the new nest site. The first peduncle

construction started 36 minutes after the emigration process

had begun. Some wasps were observed returning to the

original nest to collect vegetal pulp.

A cluster of scouts from colony C3 followed the same

behavior pattern mentioned above. The number of scouts

at the new site and alighting on the chemical trail gradually

increased. At the beginning of the emigration process, about

30 wasps were flying around the new site, and 108 individuals

were estimated at the original nest site. Just prior to the start

of the emigration, some wasps shared pulp at the new nest

site, and two peduncles were initiated almost simultaneously.

Wasps also were observed returning to the natal nest to

collect pulp. The duration of migration in colony C3 was

around 35 minutes.

In colony C4 , two hours before emigration, 24 scout

wasps were observed in a house wall 22 meters from the

natal nest; they were gaster dragging on the substrate. About

the same time, another group of scout wasps was observed

following a chemical trail tracking in a different direction.

In the natal nest, the population was agitated, buccal contact

was frequent, and arriving scouts performed gaster dragging

and flew away almost immediately. The number of scouts in

the wall cluster gradually decreased over the next two hours.

Unfortunately, the spot selected for the new site could not be

found before the emigration. Again, many scouts returned to

the natal nest and collected pulp. On the day after, we found

the new nest site 75 meters from the natal nest. Four small

combs and a partial envelope had already been built.

Colony C5 wasps were observed after the repeated

envelope removals over the days prior to emigration. Striking

behavioral changes occurred, including a notable reduction

in foraging activity, with most of the adult population

remaining inside without any external activity. Part of the

envelope previously removed to enhance inner observations

(see Section 2) was not reconstructed, and a few large

larvae were dropped from the colony entrance. Scout wasps

were seen visiting leaves 40 meters from the original nest,

and thereafter, their activity increased. Some scouts were

performing gaster dragging and hasty running over leaves

nearby, while others executed the same dragging on the nest

entrance before departure.

The pre-emigration pattern for this colony was similar

to the ones observed for the other colonies in which the

nest structures were actively removed. All queens remained

inside the nest, mostly hidden below the combs. During the

second and third day, the number of scout wasps increased

on the chemical trail. Some marked wasps started to display
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Table 2: Examples of different behavioral roles displayed by selected individual scouts of Pa. fraternus from colony C5 which were the most

active foragers and scouts during pre-emigration and nest initiation. Previous role, forager activity: Fn = forager nectar; Fw = forager water,

Fpr = forager prey; Fpu = forager pulp. During pre-emigration, individual number of gaster-dragging events on the substrate near natal nest

entrance, and number of trips to the new nest site. Nest initiation, forager activity, and number of trips per individual.

Individual
Previous role During pre-emigration Nest initiation

Forager activity
Number of gaster

draggings

Forager activity

and number of Number of trips and number of

trips observed trips observed

1 Fn-1 2 2 Fpu-6

2 Fn-5 4 5

3 Fn-1 11 14 Fpu-3

4 Fn-2 2 6 Fpu-5

5 Fn-5 1 1

6 Fn-4 3 10 Fpu-1

7 Fn-9 2 6 Fpu -1

8 Fw-2 2 13 Fpu-2

9 Fpr-

8

1 4 Fpu-2

10 Fpu-1 1 5

11 Fw-5 2 10 Fpu-5

12 Fn-2 1 13 Fpu-4

13 Fn-5 3 10 Fpu-5

14 Fn-1 1 2

15 Fn-1 2 2

16 Fn-1 6 4 Fpu-1

scout behavioral patterns. The number of wasps in the nest

entrance increased as the number of wasps gaster dragging

on the substrate in front of the nest entrance increased.

Emigration was initiated after a large number of wasps

started leaving the original nest and flying around. A diffuse

but continuous movement of wasps formed a “cloud” 2 to 4

meters wide and 3 meters high until reaching the new nest

site. At the new nest site, scouts continued gaster dragging

and spraying venom on the substrate throughout the swarm

movement and even after the population arrived at the new
nest site. At the end of the chemical trail, a great number of

wasps performed looping flights around the new site before

landing on it. Nest construction started almost immediately

after population arrival, with a comb peduncle and a piece

of envelope being built simultaneously. Foraging activity for

pulp and water increased, and many wasps returned to the

original site to collect nest material.

In colony C6, two hours before emigration, a large

number of scouts were flying around the original nest and

landing on leaves nearby. Individual scout behaviors were

similar to others mentioned above. Emigration start point

was not recorded; however, the duration of pre-emigration

was about 67 hours. The new nest was found the next day, 33

meters from the original one, and 12 meters high.

3.3. Individual Task Flexibility of Scout Wasps. Patterns of

scout wasp behaviors for the six observed colonies were

similar. During nest initiation, color-coded scouts from

colonies Cl and C2 built cells, shared pulp, and foraged

for water and pulp. In the day following colony initiation,

marked scouts were the most active builders and foragers.

In colony C3, before emigration, a scout removed pulp

from the substrate in the natal nest. At the new nest site,

two scouts shared pulp and applied it to an initial peduncle.

During nest initiation, scouts were active builders and

foraged for water. A single color-coded scout was captured

immediately after laying an egg in one of the first cells built

in the new nest on 03/05/03. Dissection revealed it had devel-

oped ovaries and was uninseminated. However, none of 26

marked scouts collected on the following day while returning

with water, pulp, or while building envelope or cells,

were young individuals or had any ovarian development

[18].

In colony C5, we verified that some active foragers became

active scouts during pre-emigration. Although the cluster

at the new nest site was not found before the emigration

event, behavioral patterns during nest establishment were

observed. Table 2 summarizes the division of labor among
color-coded individuals whose behaviors were previously

videotaped during a study aiming to analyze foraging activi-

ties, and behaviors during the worker production phase, pre-

emigration, and nest initiation processes. Color-coded scouts

observed gaster dragging on the substrate in front of the

natal nest entrance were subsequently monitored, revealing

individual task flexibility and division of labor, as these same

individuals had been observed foraging for water, nectar,

pulp, and prey before pre-emigration. Remarkably, during

the pre-emigration phase, they turned into active scouts,

depositing the chemical trail and stimulating the inactive

population to emigrate. During the new nest initiation,

these same wasps foraged for pulp and shared it with nest-

mates.
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4. Discussion

Venom spraying to mark the new nest site prior to colony

emigration has not been reported for any other epiponine

species. For Pa. fraternus

,

venom spraying was previously

described exclusively as having a defensive function [19, 20],

also observed for other species in the genus, Pa. aztecus [21]

and Pa. colobopterus [20].

The results of the induced swarming showed that the

duration of the pre-emigration stage varied from 2 to 3

days in Pa. fraternus (Table 1). This duration is similar to

that described for Agelaia areata [22] but was longer than

that described for P. occidentalis [6]. According to Jeanne

[22], the pre-emigration phase of an absconding swarm

of Agelaia areata lasted about 4 days. Bouwma et al. [6]

induced colonies of P. occidentalis to emigrate by dismantling

their nests; the swarming process occurred on the same

day for eight colonies and on the next day for one other

experimental colony. However, for both species, the pre-

emigration period was not precisely determined since it was

not the main objective of those investigations. The results

described here also differ somewhat from other studies [1, 5,

6, 11], probably due to methodological differences in swarm
triggering (e.g., entire nest translocation [1, 6, 9] or natural

swarm observations [5, 22]).

The duration of the pre-emigration phase suggests that

adults of Pa. fraternus were not prepared for the obligatory

departure. For Pa. fraternus, in all cases, after the disturbance

associated with the nest structures removal, the colony

population gradually returned to the original nest site and

regrouped on the substrate covered by the remaining pulp

fibers that defined the natal nest. No temporary clusters of

wasps were observed to form along the emigration route. In

studies of P. occidentalis, when a swarm was induced, scouts

typically formed small aggregations near the old nest along

the eventual emigration trail being marked
[ 1, 6, 23] . Chadab

[24] observed regrouping off the nest in various Neotropical

epiponine species attacked by army ants. Howard et al. [11]

observed regrouping in Apoica pollens following absconding.

After a failed attempt to collect the entire population of a nest

of A. thoracica, all individuals left the nest and regrouped

in a bush four meters from the original nest (S. Mateus

unpublished observation).

Immediately after the removal of nest structures, buzzing

runs or breaking behavior were displayed by many individu-

als in the substrate of the original nest. This behavioral pat-

tern was similar to one described by Sonnentag and Jeanne

[1], who noted that wing buzzing may be associated with

pheromone release and dispersion. Excited buzz running by a

few or many individuals is the most characteristic behavioral

response observed when absconding is provoked by a sudden

event [5, 8, 10, 23]. Ezenwa et al. [25] suggest that buzz

running is a pre-emigration behavior, associated with brood

removal and occasional cannibalism.

The observed brood cannibalism during envelope

removal in this study was similar to that reported for

Metapolybia aztecoides, Protopolybia acutiscutis, and Synoeca

surinama [5]. Disturbed colonies of Chartergellus communis

and Pa. smithii displayed similar behavior (S. Mateus unpub-

lished observation).

“Dragging behavior” for trail marking, as well as repeat-

edly rubbing the ventral surface of the gaster on substrates

between new and old nest sites, was first reported by

Naumann [10] and since observed in many species ofswarm-

founding wasps [3, 5, 9, 12, 26]. Gaster-dragging behavior

was previously observed in Pa. fraternus [12, 26] both before

and during emigration.

The observations of scouts of Pa. fraternus marking the

chemical trail by dragging their abdomens on leaves or

other prominent objects along the emigration route suggest

that the wasps may use venom or possibly products from

the Dufour’s gland as sources of trail pheromone since

Richard’s Gland is absent in this species. This secretion

would be spread on surfaces by the gaster-dragging behavior.

The African ropalidiine Polybioides tabidus also lacks sternal

glands, and Francescato et al. [13, 14] suggest that in this

species, the trail pheromone is produced in the Dufour’s

gland.

Consistent with studies on some other epiponine species

(e.g., P. occidentalis) [6], we found that Pa. fraternus males

were not able to follow the emigration swarm, as they

remained on the substrate of the original nest after all the

females had emigrated. However, Apoica males can follow

the swarm [11, 19, 27], Males have also been observed

in emigrating populations of Apoica thoracica and Synoeca

virginea (S. Mateus unpublished observations).

Colony C5 was under observation for other purposes

when its spontaneous swarming took place. Similar to

other epiponine species [3, 5, 25], the first signs suggesting

imminent nest abandonment were buzz running and a

reduction of foraging and building activities.

During pre-emigration, no group or clusters of wasps

were present on the nest envelope. However, many indi-

viduals stayed around the nest entrance performing intense

buccal contacts with incoming scouts.

Following site selection and spray marking, many scouts

returned to the natal nest where they performed gaster

dragging and intense buccal contacts with inactive wasps

before returning to the new nest site. According to Son-

nentag and Jeanne [1], the increased bumping stimulates

previously inactive individuals to become active and follow

the pheromone trail to the new nest site. After contact

interactions with scouts, the previously inactive individuals

gradually started flying around the natal nest, and within

a few minutes, most departed. West-Eberhard [5] reports

similar observations.

Reuse of pulp from original nest in early stages of new
nest establishment was observed in all colonies and has

also been previously reported by O. W. Richards and M. J.

Richards [28] and Sarmiento-M [29] for Pa. fraternus. In

one case (colony C3), construction of the new nest began

before the swarm arrived. Nest initiation prior to emigration

has also been observed in P. velutina [24], P. sericea [9], and

Apoica pollens [10].

During the new nest initiation, a group of wasps encir-

cled the selected nesting spot, facing outward, apparently

defending the site. Queens and many inactive wasps clustered
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in the upper part of the circled area. Forsyth [3] estimated

that about 80 percent of a swarm’s population serve as

guards, while the remainder become actively engaged in

foraging and building activities.

Pa. fraternus queens’ only observed activity was oviposi-

tion in cells newly built by workers. According to Herman
et al. [30], queens of Pa. colobopterus are rarely involved

in any interactions with other colony members, and no

evidence that queens regulate worker activity was found.

For reproductive swarms of epiponine wasps, distances

from the natal to the new nest are difficult to obtain.

However, absconding swarms typically re-establish the new
nest within a few meters of an abandoned site [5, 6, 31] (but

an absconding swarm of Agelaia areata traveled 319 meters

over four days [22] ). For the six studied colonies of Pa. frater-

nus, average emigration distance was 36.16 meters (Table 1).

For six emigrating colonies of P. sericea, the new nest was

located 15 to 172m (mean = 85 meters) from the natal

nest [9]. According to Bouwma et al. [6], the distance for

102 induced swarms of P. occidentalis colonies ranged from

zero to 115 meters. Forsyth [23] suggested that the upper

limit for emigration distance might be the foraging range

of the foragers who act as scouts. For reproductive swarms,

the dispersal distance is important since it potentially affects

population “viscosity” and inbreeding. In addition, distance

of swarm dispersal can potentially impact competition for

resources between the parent and daughter colonies [3].

Division of labor is the division of the work force among
the range of tasks performed in the colony, whereas task

partitioning is the splitting of a discrete task among workers

[32, 33]. For Pa. fraternus, both were observed at different

phases of the emigration event—during pre-emigration,

emigration, and nest initiation. Scouts selected the new nest

site, deposited the chemical trail, and stimulated inactive nest

mates to leave. At the new nest site, some marked wasps

switched to become active builders and foragers. Flexible

behavior was striking in colony C3, where one scout was

first observed building cells and then ovipositing during nest

initiation. Dissection confirmed that this individual fit the

definition ofan “intermediate” worker, which O. W. Richards

and M. J. Richards [34] refer to as an uninseminated female

bearing some kind of ovary development. Such individuals

are commonly found in nests of Pa. fraternus [18, 19], where

their abundance varies at different stages of the colony life

cycle.

4.1. How Do the Emigrating Wasps of Pa. fraternus Recognize

the End of the Chemical Trail? According to Jeanne [9], for

P. sericea, the new nest site is recognizable by the presence of

a large number of gaster-dragging wasps. In P. occidentalis, in

which temporary clusters are formed along the emigration

trail, the clusters may serve as visual cues to attract the

emigrating wasps [3]. The population ultimately aggregates

on the last cluster, probably attracted by pheromone release

[11]. A remarkable finding in this study is that Pa. fraternus

does not form clusters along the emigration route. Instead,

emigrating wasps form a diffuse swarm, and since scout

wasps abundantly spray venom on the substrate of the new

nest site, the venom could be the cue that indicates the end

point of the chemical trail. This hypothesis is also supported

by the fact that no venom spraying has been observed while

scouts were marking the chemical trail, occurring only at the

end point. Additionally, the strong venom concentration at

the new nest site could serve to deter potential enemies, such

as ants, at a vulnerable stage of the nesting cycle.
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We surveyed social wasps (Polistinae) present in forest fragments of northwest of Sao Paulo state with different surroundings

composed of a matrix of citrus crops and sugarcane in the expectation that the former matrix would be more diverse than the

latter. We collected specimens actively using attractive liquids. We obtained 20 species in Magda, 13 in Bebedouro, 13 in Matao,

and 19 in Barretos. The most common genus was Agelaia in all of the areas. The greatest Shannon-Wiener index of diversity was

obtained in Magda (FL = 2.12). Species such as Brachygastra moebiana, Metapolybia docilis, Mischocyttarus ignotus, M. paulistanus

and M. consimilis had not been recorded on recent surveys in the state. Furthermore M. consimilis is a new record for the state. We
concluded that, with our data, a relation between the occurrence of social wasps and the surrounding matrix was not detected.

1. Introduction

Forest fragments may be treated as islands, and the sur-

rounding area, the matrix, is treated as an ocean. The matrix

area is considered to be ecologically uniform, exerting little

influence on populations inside the fragments [1, 2]. More

recently, some studies have demonstrated that the surround-

ing matrix can exert neutral, positive, or negative influences

on the populations [3-5]

.

The replacement of natural areas by monocultures and

pastures is one of the main causes of reduction of local

and global diversity [6]. Besides habitat fragmentation,

the use of pesticides and insecticides reduces the diversity

of pollinators [7]. Flowever, Durigan et al. [8] state that

some crops have less impact on the natural vegetation than

cattle. The majority of crops depend on or benefit from, the

action of pollinators [9]. Pimentel et al. [10] show a great

richness of arthropod species on many crops. Survey works

are important because the survey of species in an area is the

first step to its conservation and rational use. Without the

knowledge of what species are present in an area, it is very

difficult to take action aimed at conservation [11]. Pimentel

et al. [10] assert that, as important as it is to conserve the

biodiversity of national parks, it is important to conserve

biological diversity in agricultural ecosystems, which, to-

gether with human settlements, cover approximately 95% of

terrestrial environment [12].

Two of the most important monocultures in Sao Paulo

state are sugarcane (Saccharum spp) and citrus ( Citrus spp).

Sugarcane is the main crop of Sao Paulo state with about 5.5

million hectares in 2007/2008 [13]. Regular use of burning

facilitates manual harvest and repels venomous animals
[ 14]

,

but causes serious damage to the ecosystem [15] while

the use of fertilizers may pollute watercourses and cause

salinization of the soil [16]. Organic fertilization systems

that can shelter a great biodiversity have been recommended

[17]. Brazil is the world’s greatest producer of oranges with

about 18.5 million tons, and Sao Paulo State contributes

about 15 million tons [18], grown on about 750 thousand

hectares in 2007/2008 [13]. During the bloom, oranges offer

a great production of pollen and nectar that can attract

pollinators [19]. It would be useful to know if a survey of

insects at a high trophic level reflects the matrix nearby

with respect to the sterility (or toxicity) of some crops,
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such as sugarcane, and the productivity of others, such as

oranges.

There are few data comparing areas with these two sur-

rounding matrices and their possible effects to the biota.

Rinaldi et al. [20] found a surprisingly high richness of spi-

ders on sugarcane plantations. Ott et al. [21] sampled spiders

on herbaceous vegetation in two different citrus orchards,

“traditional” and “ecological,” and despite the differences

in cultivation practices, they found a lower richness than

Rinaldi et al. [20]. Ott et al. [21] also did a survey on citrus

trees of the “ecological” orchard, and there they found a

greater richness of spiders species than Rinaldi et al. [20].

Andena et al. [22] did a survey ofbees on an area that was

previously surveyed by Campos [23] and found a lower rich-

ness of species. There were some changes in the surrounding

matrix due to the replacement of the natural vegetation by

sugarcane crops and pasture. The most common pollinator

of Citrus in Brazil is Apis mellifera, but Tetragonisca angustula

and Trigona spinipes are also frequent floral visitors [24,

25]. Other Hymenoptera and some Coleoptera, Diptera,

Lepidoptera and Neuroptera also are floral visitors of Citrus

[25]. A study in Rio Grande do Sul state observed five orders

ofpredatory insects (Coleoptera, Hymenoptera, Neuroptera,

Thysanoptera and Hemiptera) in canopies of C. deliciosa

under organic management [26].

Social wasps have little importance with respect to pol-

lination, but they are frequent floral visitors. Some of them

collect nectar for colony’s energy supply [27]. These insects

show great ability to forage and collect other materials they

need such as water, carbohydrates, prey and pulp [28-30],

and are being used to control some pests [31]. After Richards

[32], many surveying works have been done in different areas

in Brazil using various methodologies [11, 33-55]. Here we
compare four fragments of semideciduous seasonal forest

of northwest of Sao Paulo state with a surrounding matrix

composed of crops of citrus or sugarcane. Moreover, we
compare those results to other surveys done in the same

region.

2. Material and Methods

2.1. Study Area. Northwest of Sao Paulo state is the most

deforested area ofthe state and with the lowest concentration

of conservation units [56]. The natural vegetation of the

region is characterized as semideciduous seasonal forest and

cerrado (orbrazilian savanna).

The study was conducted on fragments from the munici-

palities ofMagda (20°30
/

S 50° 13' W, 1656.20 ha), Bebedou-

ro (20°53
/

S 48°32' W, 393.94 ha), Matao (21°37' S 48°32'

W, 2189.58 ha) and Barretos (20°29' S 48°49' W, 597.33 ha).

The first two had sugarcane crops as the surrounding matrix

and the last two had citrus crops as the surrounding matrix.

2.2. Methods. The methodology used was based on active

collection using an attractive liquid [57]. This methodology

uses a 200 m transect in the vegetation on which is sprayed

a solution of sucrose (1:5, commercial sugar: water) with

2 cm3 of salt for each liter of solution. Using a costal sprayer,

Rarefaction curve

• Magda Matao

A Bebedouro Barretos

Figure 1: Rarefaction curve for the social wasps collected in the four

studied areas.

Magda

• SObs

ACE
A ICE

Figure 2: Richness of species observed and estimated using ACE
(Abundance-based Coverage Estimator) and ICE (Incidence-based

Coverage Estimator) indexes to the area ofMagda.

about 500 mL of solution was sprayed on each point of col-

lection, in an area of approximately 3 m2
. Ten points were

defined, 20 m distant from each other along the transect.

The attracted wasps were captured with an entomological

net, from 11:00 AM to 3:00 PM, during five minutes at

each collecting point, with a spray interval of approximately

1 : 30 h. Collections were made in one transect in the interior

of the forest fragment (at least 100 m of the edge), and one at

the edge of the forest fragment, near the surrounding matrix.

Eight monthly collections were made in Magda (24 h

of field work in the interior and 32 h at the edge), ten in

Bebedouro (24 h of field work on the interior and 40 h on

the edge), seven in Matao (24 h of field work in the interior

and 28 h at the edge) and eight in Barretos (28 h of field work

in the interior and 32 h at the edge) during the period of

December 2007 to December 2009. The specimens collected
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Bebedouro

• SObs

ACE
A ICE

Figure 3: Richness of species observed and estimated using ACE
(Abundance-based Coverage Estimator) and ICE (Incidence-based

Coverage Estimator) indexes to the area of Bebedouro.

Barretos

• SObs

ACE
A ICE

Figure 5: Richness of species observed and estimated using ACE
(Abundance-based Coverage Estimator) and ICE (Incidence-based

Coverage Estimator) indexes to the area of Barretos.

Matao

• SObs

ACE
A ICE

Figure 4: Richness of species observed and estimated using ACE
(Abundance-based Coverage Estimator) and ICE (Incidence-based

Coverage Estimator) indexes to the area of Matao.

were identified and deposited in the Hymenoptera Collection

at the Department of Zoology and Botany, Sao Paulo state

University, Sao Jose do Rio Preto, Sao Paulo, Brazil.

2.3. Statistical Analysis. Shannon-Wiener index of diversity,

Berger-Parker index of dominance, Pielou index of evenness,

and similarity analysis of Jaccard and Morisita-Horn were

done using the software PAST, version 1.37 [58] . ACE (Abun-

dance Coverage Estimator) and ICE (Incidence Coverage

Estimator) indexes were used to estimate the richness using

the software Estimates version 7 [59]. A rarefaction curve

model of Hulbert was done on Biodiversity Professional Beta

[60].

3. Results and Discussion

Twenty-nine species of social wasps belonging to 10 genera

were collected in the four areas of study totalling 1460 indi-

viduals (Table 1).

Matao was the well-preserved area of study, the largest

one, and was surrounded by citrus crops. It was expected to

be the richest, but it was the poorest in number of species

along with Bebedouro, the poorly preserved site, and it was

surrounded by sugarcane crops. Also, Barretos, with a small

area and citrus crops on its surrounding, had almost many
species as Magda, the second largest area and the fragment

that showed the greatest richness of social wasps.

In terms of surrounding matrix, it was expected that the

fragments located on sugarcane matrix should have lower

diversity because of the effects of the fire on the local fauna

and the lack of flowers that could attract some wasps (unlike

citrus crops), but this was not verified in our work. That null

difference between diversity in those surrounding matrices

could be supposedly explained by the fast recovery of an area

after a burning event (as observed by Araujo et al. [15]) or

a possible more intensive use of insecticides on citrus crops

[61].

Our collections include species that merit particular

notice. We collected species that represent significant records:

Brachygastra moebiana, Metapolybia docilis, Mischocyttarus

ignotus, M. paulistanus, and M. consimilis had not been

recorded by recent surveys in Sao Paulo State; furthermore

M. consimilis is a new record to the state. Polybia jurinei was

the most abundant species in Magda, Agelaia multipicta was

most abundant in Matao, and A. pallipes was most abundant

in Bebedouro and Barretos. The genus Agelaia has species
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Figure 6: Map showing the localization of the areas of Sao Paulo state where surveys of social wasps were done.

Table 1: List of social wasps species collected on the four areas studied. E: edge; I: interior; T: total. Magda and Bebedouro: sugarcane crops

Matao and Barretos: citrus crops.

Species
Magda Bebedouro

Areas

Matao Barretos

E I T E 1 T E I T E 1 T

Agelaia multipicta 33 28 61 — — — 45 89 134 — — —
Agelaia pallipes 30 29 59 100 161 261 1 — 1 101 94 195

Agelaia vicina 20 25 45 21 44 65 40 18 58 — — —
Brachygastra moebiana 4 — 4 — — — — — — 21 — 21

Brachygastra augusti — — — 1 — 1 2 — 2 9 — 9

Brachygastra lecheguana 1 1 2 4 — 4 4 — 4 11 — 11

Brachygastra mouleac 1 — 1 — — — 1 — 1 3 — 3

Mctapolybia docilis 1 — 1 — — — — — — 1 — 1

Mischocyttarus cerberus styx 6 3 9 — — — — — — — — —
Mischocyttarus ignotus 2 — 2 — — — — — — — — —
Mischocyttarus paulistanus 2 — 2 1 — 1 — — — — — —
Mischocyttarus rotundicollis — — — — — — 2 — 2 — — —
Mischocyttarus consimilis 1 — 1 — — — — — — — — —
Parachartergus smithii 1 — 1 — — — — — — 2 1 3

Polistes simillimus 4 4 8 2 — 2 — — — 8 1 9

Polistes versicolor 3 1 4 — — — 38 2 40 3 1 4

Polistes geminatus — 2 2 — — — — — — — — —
Polybia jurinei 40 30 70 — 1 1 2 3 5 20 29 49

Polybia dimidiata — — — 35 21 56 — — — 3 — 3

Polybia fastidiosuscula — — — — — — — — — 6 — 6

Polybia occidentalis 5 1 6 7 — 7 23 — 23 36 3 39

Polybia paulista — — — — — — — — — 22 9 31

Polybia ruficcps xanthops — — — — — — — — — — 4 4

Polybia chrysothorax — — — — — — 14 8 22 — — —
Polybia ignobilis 14 3 17 20 6 26 1 — 1 15 8 23

Polybia scricca 3 — 3 2 — 2 — — — 5 — 5

Protonectarina sylveirae — — — 4 — 4 4 — 4 7 — 7

Protopolybia exigua — — — 1 — 1 — — — — — —
Synoeca surinama 2 — 2 — — — — — — 9 — 9

Total 173 127 300 198 233 431 177 120 297 282 150 432
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Table 2: Diversity, dominance and evenness indexes of the four

areas studied.

Indexes Magda Bebedouro Matao Barretos

Diversity Shannon-Wiener 2.12 1.28 1.65 2.03

Dominance Berger-Parker 0.23 0.61 0.45 0.45

Evenness Pielou 0.71 0.50 0.64 0.69

with enormous colonies with great capacity of foraging, and

they can establish their colonies in natural cavities [62-64],

which may explain their success. Only Mischocyttarus paulis-

tanus was collected exclusively in the fragments surrounded

by sugarcane. No species was collected exclusively in the

fragments surrounded by citrus.

According to the Shannon-Wiener index, the most di-

verse area was Magda, followed by Barretos, Matao and Bebe-

douro (Table 2). Magda had more species and did not show

one dominant species. This is confirmed by the low value

of Berger-Parker index and high value of Pielou index. The

Pielou index also shows high values for Magda, followed by

Barretos, Matao and Bebedouro. The higher value of Berger-

Parker index in Bebedouro is because A. pallipes represented

60.57% of the individuals collected in this area. This species

has little habitat specificity in nesting because it builds nests

in soil cavities.

Based on the rarefaction curve (Figure 1), it is possible

to see that the curves tended to stabilize showing that the

collections were sufficient to sample the areas. However,

regarding the indexes ACE and ICEs only in Barretos the

curve is stabilized showing that all the species of this area

were sampled (Figures 2-5).

Comparing our data with those of other authors that had

sampled social wasps in Sao Paulo state [33, 35, 36, 52, 54,

65, 66] (Figure 6), the Jaccard similarity analysis (Figure 7)

demonstrated that Barretos, Magda, and Bebedouro form

a cluster, but Matao is more similar to Paulo de Faria and

Pindorama. Jaccard coefficient groups localities based on the

presence or absence of species.

The similarity analysis of Morisita-Horn (Figure 8), that

groups localities based on the relative abundance of species,

forms a big cluster with Bebedouro, Pindorama, Barretos,

Neves Paulista, Turmalina, Luiz Antonio, Santa Rita do Passa

Quatro and Corumbatai. The dominance of A. pallipes in all

of these areas explains this group. Matao and Magda form

another group with Paulo de Faria mainly because of the

similar abundance ofA. multipicta and A. vicina.

In comparison with recent surveys of social wasps in Sao

Paulo state, it can be observed that the areas sampled in the

present work have less richness than the areas on the central-

eastern region of the state (Table 3). Besides the geographic

distance and differences on conservation status of the

areas and vegetation type, differences in methodologies can

explain this fact. The areas on central-western region were

sampled with the same methodologies, and, in comparison

with these areas, the present study showed a greater richness.

Diniz and Kitayama [38], Silva-Pereira and Santos [46]

and Santos et al. [45] noted that some species can set their

nests in one environment and forage in others. In this work
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Table 3: Comparison of the richness of social wasps species of the present work (marked with a* ) with recent surveys done in Sao Paulo

state.

Surveys Genera Species Methodologies

Rodrigues and Machado [33]—Rio Claro 10 33 Search for colonies

Lima et al. [54]—Patrodnio Paulista 10 29 ** Attractive solution, collection on flowers and search for colonies

Mechi [35]—Luiz Antonio 9 26 Collection on flowers

Mechi [36]—Santa Rita do Passa Quatro 8 26 Collection on flowers

Mechi [35]—Corumbatai 9 25 Collection on flowers

Togni [65]—Ubatuba 8 21 Bottle-traps, active search

Gomes and Noll [52]—Neves Paulista 7 12 Attractive solution

Gomes and Noll [52]—Paulo de Faria 4 7 Attractive solution, Malaise trap, meat bait, bottle traps

Gomes and Noll [52]—Pindorama 4 6 Attractive solution

Lima
[
66 ]—Turmalina 4 6 Attractive solution

Magda* 8 20 Attractive solution

Barretos* 8 19** Attractive solution

Bebedouro* 7 13 Attractive solution

Matao* 6 13 Attractive solution

** Two morphs of Polybia fastidiosuscula, but for statistical analysis it was considered only one species.

we noted a greater richness of social wasps in the transect

at the edge of the fragments. Lima et al. [54] also found

more species at the edge. Santos et al. [43] observed

a greater richness of species in environments that were

more heterogeneous and that offer more resources than

agricultural environments, such as nectar, prey, and water

during the year supporting many social wasps [45]. Besides

the intense replacement of the natural vegetation in urban

areas and agroecosystems, the forest fragments can support

social wasps that are important predators of some pests [31,

40], benefiting either the natural ecosystem or agrosystems

[45].

4. Conclusions

We found no correspondence between the occurrence of

social wasps and the area of the fragment or the surrounding

agricultural matrix. It can be partially explained by the

generalist habits ofthe social wasps. Other factors, such as the

interactions between populations and historical aspects, may
explain the richness of species on the remnant fragments.
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The nutritional efficiency of mulberry leaves consumed by silkworms, Bonibyx mori L., is usually evaluated in terms of the

proportion of cocoon shell weight to the amount of food ingested. The production efficiency of cocoon shell is generally used

to identify the superiority of a mulberry variety for silkworm rearing. In this study the production efficiency of cocoon shell was

used as an index for evaluating the nutritive value of different mulberry varieties of India. Among the varieties, V-l, having highest

production efficiency of cocoon shell with less amount of food ingested and highest digestibility, is regarded as the best suitable

variety with nutritive values ideal for silkworm rearing.

1. Introduction

The silkworm, Bombyx mori L., consumes leaves of different

mulberry varieties but the success of cocoon production

depends on the efficient utilization and conversion of food

to silk substance. Generally, the judgment is made from

the rearing performance of silkworm on a mulberry variety

emphasizing particularly the cocoon characters. But the

drawback of such evaluation system is that it is very difficult

to reach a conclusion on the basis of evaluation of each

individual character separately. Nutritional efficiency of the

food ingested by silkworms is usually evaluated in terms

of the proportion of cocoon shell weight to the amount
of food ingested, that is, Production Efficiency of Cocoon

Shell (PECS). The production efficiency of cocoon shell

is generally used to identify the superiority of a mulberry

variety for silkworm rearing. Extensive studies have been

undertaken for many years [1] indicating that PECS is

a final indicator for the evaluation of nutritive values of

mulberry leaves, and that mulberry varieties with high

PECS are generally rated high quality. The usefulness of

the parameter has been studied and the mulberry varieties

with high PECS are generally rated as high quality ones [2-

4]. It was also concluded that mulberry varieties containing

higher contents of nitrogen in leaves have higher PECS. This

indicates that nutritive values of mulberry leaves depend

on nitrogen content in general and on amount of amino

acids in particular. In breeding programmes of mulberry

varieties, it is recommended therefore that high contents

of nitrogen in leaves be adequately taken into account in

selecting varieties nutritive for silkworms [4]. However,

so far no study was undertaken to find out the nutritive

values of Indian mulberry varieties. Therefore, the present

study was carried out to evaluate the nutritional value of

different mulberry varieties of India by using the production

efficiency of cocoon shell as index by feeding on the popular

polyvoltine hybrid, Pure Mysore (PM) X CSR2.

2. Materials and Methods

Eleven mulberry varieties the, details ofwhich are depicted in

Table 1 , were evaluated by feeding on the popular polyvoltine

hybrid, Pure Mysore X CSR2. Silkworm rearing was con-

ducted on all these varieties by following the standard rearing
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Table 1: Results of silkworm rearing utilizing mulberry leaf of different genotypes by polyvoltine hybrid.

Genotype

5th instar

larval

duration (h)

Amount of Amount of

food food

ingested digested

(g) (g)

Digestibility (%)
Cocoon

weight (g)

Cocoon

shell wt (g)

Cocoon shell

percentage (%)

Efficiency

of cocoon

produc-

tion

(ECP)

Production

efficiency of

cocoon shell

(PECS)

V-l 156 2.905 1.215 41.82 1.793 0.351 19.6 1.476 12.08

V-2 164 3.928 1.198 30.49 1.890 0.294 15.6 1.578 7.48

V-3 170 3.095 1.103 35.63 1.538 0.283 18.4 1.394 9.14

V-4 170 2.987 1.177 39.40 1.739 0.328 18.9 1.477 10.98

G-9 170 4.961 1.571 31.66 1.738 0.283 16.3 1.106 5.70

G-3 170 3.970 1.310 32.99 1.645 0.295 17.9 1.256 7.43

S-13 180 3.908 1.468 37.56 1.785 0.316 19.2 1.121 8.09

S-34 170 3.406 1.186 34.82 1.629 0.277 15.5 1.505 8.13

S-36 170 3.017 1.117 37.02 1.476 0.241 14.8 1.458 7.99

S-54 168 3.232 1.122 34.71 1.587 0.270 18.3 1.316 8.35

K-2 168 0.017 1.087 36.05 1.680 0.310 19.5 1.460 10.28

C.D. at 5% 8.53 0.87 0.65 1.33 0.12 0.021 0.71 0.12 2.13

procedure. The fresh weight of the larvae was recorded at the

beginning of the fifth instar. The dry weight of each larva was

estimated by using the mean percentage of dry matter of an

aliquot of like larvae which had been killed by freezing for

a short time and then dried at 100°C to a constant weight

as per method described by [5]. At the end of the larval

period.that is, just before mounting, the dry weight of larvae

was determined by following the procedure described earlier.

The difference between the final dry weight of the larva and

the estimated initial dry weight and of food consumed or

digested in relation to increase in body weight is the measure

of efficiency of utilization. Data were recorded in respect

of cocoon weight, cocoon shell weight, and cocoon shell

percentage. ECP and PECS were calculated simultaneously

and compared among the varieties. The PECS was calculated

as follows

PECS =
Cocoon weight

Amount of food ingested

Amount of food digested

Amount of food ingested

Cocoon weight

Amount of food digested

( 1 )

Cocoon shell weight _=
. ,

5 = D x ECP x PCSW,
Cocoon weight

Where, D = Digestibility, ECP = Efficiency of cocoon produ-

ction, PCSW = percentage of cocoon shell weight. The nit-

rogen content in the leaves of all the 1 1 mulberry varieties

was estimated using Kjeltec system (Tecator).

3. Results

The results on the comparison of the utilization of different

mulberry varieties (Table 1) indicated that all the characters

vary among the different mulberry varieties. The 5th instar

larval period ranged from 156 to 180 hr with the highest of

180 hr recorded for S-13 and the lowest of 156 hr recorded

for V-l The amount of food ingested ranged from 0.017

to 4.961 g with the highest of 4.961 g recorded for G-9 and

the lowest of 0.017 g recorded for K-2. The amount of food

digested ranged from 1.087 to 1.571 g with the highest of

1.571 g recorded for G-9 and the lowest of 1.087 g recorded

for K-2. The digestibility ranged from 30.49 to 41.82% with

highest of 41.82% recorded for V-l and the lowest of 30.49%

recorded for V-2.

The cocoon weight ranged from 1.476 to 1.890 g with the

highest of 1.890 g recorded for V-2 and the lowest of 1.476 g
recorded for S-36. The cocoon shell weight ranged from

0.241 to 0.351 g with the highest of 0.351 g recorded for V-l

and the lowest of 0.241 g recorded for S-36. The cocoon shell

percentage ranged from 14.79 to 19.58% with the highest of

19.58% recorded for V-l and the lowest of 14.79% recorded

for S-36.

The efficiency of cocoon production ranged from 1.106

to 1.578 with the highest of 1.578 recorded for V-2 and the

lowest of 1.106 recorded for G-9. The production efficiency

of cocoon shell ranged from 5.70 to 12.08 with the highest

of 12.08 recorded for V-l and the lowest of 5.70 recorded for

G-9.

Figure 1 shows correlation between nitrogen contents

and PECS indicating that the correlation is 0.74. From the

above results, it may be concluded that mulberry varieties

containing higher contents of nitrogen in leaves have higher
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Figure 1: Corelation between PECS and leaf nitrogen.

PECS. This indicates that nutritive value of mulberry leaves

depend on nitrogen content. In breeding programmes of

mulberry varieties, it is recommended therefore that high

contents of nitrogen in leaves be adequately taken into

account for selecting materials nutritive for silkworms.

4. Discussion

From the rearing data, it becomes very difficult to isolate a

profitable mulberry variety fit for silkworm rearing as the

differences were very small for all the characters studied. In

such cases, the PECS can be used conveniently to evaluate

the superior mulberry varieties as the differences in the

varieties with respect of PECS are quite high. High PECS is

also indicative of less consumption of leaves with excellent

rearing performance. PECS showed high and significant

correlation with cocoon shell weight and ECP and significant

negative correlation with the amount of food ingested and

that digested. It has already been stated that the efficiently

converted varieties may be consumed less to support the

optimal growth. Therefore, varieties possessing high PECS
will have better convertibility and so intake of such varieties

by the silkworm is low. This appears to be very significant

point that silkworms consume less mulberry from the

varieties having high PECS and produce higher cocoon yield.

References [6, 7] concluded that the high PECS may be

treated as the final indicator for the evaluation of nutritive

value of mulberry leaves. In the present study, it was also

observed that the V- 1 variety with high PECS and nitrogen

content was more suitable for rearing and hence PECS can

be considered as a final indicator for the nutritive value of

mulberry leaves.

The differences among the mulberry varieties used in the

experiment in respect of digestibility were very small. This

is probably due to the fact that all the mulberry varieties

used in the experiment are high yielders. But the efficiencies

of cocoon production and cocoon shell production varied

largely among the varieties. The reduced larval period in the

fifth age along with the low intake of food in V-l clearly

indicates that the varieties with high conversion efficiencies

may reduce the larval span and consequently less quantity

of the food is needed to support optimal growth which

corroborates with the earlier findings of [7, 8].

High PECS is also indicative ofless consumption ofleaves

with excellent rearing performance. PECS showed high and

significant correlation with cocoon shell weight and ECP
and significant negative correlation with the amount of food

ingested and that of digested. It has already been stated that

the efficiently converted varieties may consume less mulberry

leaves to support the optimal growth. Therefore, varieties

possessing high PECS will have better convertibility and so

intake of such varieties by the silkworm is low. This appears

to be very significant point that silkworms consume less

mulberry from the varieties having high PECS and produce

higher cocoon yield. Reference [7] in concluded that the high

PECS may be treated as the final indicator for the evaluation

of nutritive value of mulberry leaves. In the present study, it

was also observed that the V- 1 variety with high PECS and

nitrogen content was more suitable for rearing and hence

PECS can be considered as a final indicator for the nutritive

value of mulberry leaves.
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Variation in sizes of parasitoids Itoplectis maculator F. (Hymenoptera, Ichneumonidae) were studied in respect to their genetic

variation as well as to the genetic variations in their host insect ( Tortrix viridana L.) pupae and their host plant (Quercus pubescens

Willd). The data obtained have shown that the interactions between genotypes ofparasitoids and their host insects contribute up to

49%, and interaction between genotypes ofparasitoids and oaks contributes up to 28% to the total variation in the parasitoid body

sizes. As the parasitoid body size is fitness related, we may conclude that fitness of a parasitoid depends on not only its genotype

but also on genotypes of its host insects and even the tree on which the host insects have developed. As a result the genotypes of

representatives of the studied food chain links were found to be stochastically associated.

1. Introduction

Throughout the 20th century, investigators sporadically at-

tempted to incorporate genetics into ecological explanations

[1]. These attempts developed ecological genetics and evolu-

tionary ecology, which complete each other with first study-

ing genetic responses to ecological influences, and second

examining their evolutionary consequences. In genetic sense,

both of them operate at the scale of populations, addressing

attention to their gene pools.

Recent investigations concerning interplay between ge-

netics and ecology raised a question on foundation of a new
field of enquiry “community genetics” [2-4], usefulness of

which was discussed in the Special Feature (Ecology, 2003,

vol. 84, no. 3). Commenters on the papers by Neuhauser et

al. [2] and Whitham et al. [3] did not reject the importance

of the obtained results, but expressed certain skepticism to

some of their conclusions and insights. Negative reaction was

evoked by use of such terms as “community heritability” and

“community selection,” which, by opinion of some authors

[5, 6], resurrects the apparently irrepressible idea of the com-

munity as superorganism [7, 8], long ago rejected by most

ecologists after decades of empirical study and argument

[9, 10]. Some authors argued that Neuhauser et al. [2] and

Whitham et al. [3] have not provided a compelling argument

that the community genetics perspective is fundamentally

different from the current emphasis of much of ecological

genetics and evolutionary ecology [5].

Community genetics, by our opinion, should address its

attention to the gene pools of the populations, which interact

in a community, discovering the situation when alteration

in gene pool of one population evokes corresponding alter-

ations in another one. Such situation may arise only in that

case when the fitness of a specimen depends on the kind of

another species representative, with which it interacts in a

community.

Direct estimation of specimen fitness is a difficult task if

possible at all. One of the useful ways lies in measurement of

quantitative signs related to average fitness, such as body sizes

in insects [11, 12]. The paper, thus, is focused on the study

of variation in body sizes of parasitoids Itoplectis maculator

Fabricius, 1775 (Hymenoptera, Ichneumonidea) in respect
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Figure 1: Variants of the T. viridana L. pupae cremasters with 1-8 peaks at their tops [14].

to their genetic variation as well as to the genetic variations

in their host insect ( Tortrix viridana L.) and its host plant

{Quercus pubescens Willd).

2. Material and Methods

The material was collected in the T. viridana population

named “Favrovoe” (chaparral on southern coast of Crimean

peninsula near Yalta). The leaf roller pupae were sampled

from 14 trees of pubescent oak (Quercus pubescens Willd)

(about 80 pupae per tree, 1142 in total). We choose the

trees from the same locality, as close as possible each from

other, to minimize influence of secondary factors, such as

climate, soil, and so forth, and address main attention to their

genetic heterogeneity. High gene flow among the parasitoid

micropopulations on the trees minimize local effects, and

variation in sizes ofthe parasitoids should reflect variation in

their fitness components during the period from egg laying

to adult emergence. We, thus, had a natural experiment when
more or less homogenized mixtures of genetically distinct I.

maculator specimens were placed in environments created by

genetically distinct leaf rollers or oaks.

Each pupa was placed in separate vial and stored under

the laboratory conditions. The vials were then daily inspected

in respect to emergence of adults or parasitoids. Some of

parasitoids from each of the trees were placed in liquid

nitrogen until analysis.

Genetic variation in the oak leaf roller pupae was studied

using morphological alternative signs as genetic markers

[13]. We studied following leaf roller signs [14]: pupa color

with variants: brown (1) and black (2); the number of peaks

at the pupa cremaster from 1 to 8 (Figure 1). Pupae with

2 and 4 peaks at their cremasters were most common and

presented in all the samples while other variants were rare,

and, as they were absent in some samples, we excluded them

from the analysis.

The emerged parasitoids were compared with descrip-

tions from the monograph [15]. All the parasitoids, emerged

in the laboratory, belong to Hymenoptera. We have chosen

for the study the most common species, Itoplectis maculator

F., which parasitized about 12% (137 from 296 emerged

parasitoids) of the leaf roller pupae in our samples. The

parasitoid specimens show contrast morphological polymor-

phism [14], which allows dividing them into genetically

distinct groups.

Genetic variation in the I. maculator was studied using

leg color of the adult specimens [14]: coloring of the hind

leg femur with variants: “long black band” (Figure 2(a)),

“short black band” (Figure 2(b)), “two spots” (Figure 2(c)),

“one spot” (Figure 2(d)), and “zero” (Figure 2(e)); coloring

ofthe tibia distal segment with variants: “light” (Figure 3(a)),

“brown” (Figure 3(b)), and “black” (Figure 3(c)). The vari-

ants, which were no presented in all the samples, were ex-

cluded from the analysis.

Frozen specimens of this species were examined in

respect to their heterogeneity in loci coding for esterase and

nonspecific protein using allozyme-analysis [16]. These loci

were both polymorphic in I. maculator, each including two

alleles: F and S.

Thorax and whole body lengths were measured in each of

the morphologically assessed parasitoids under the binocular

microscope MBS-9 with precision ±0.025 mm. Manipula-

tions with frozen parasitoids might change their body sizes.

To avoid this we measured last right femur length in each

of the frozen specimens prior to their homogenization for

biochemical analysis. As the femur length relates to body size,

it thus may reflect the specimen fitness component. The data
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Figure 3: Variants of coloring of a tibia distal segment in I. maculator F. adults
[ 14]

.

from males and females were analyzed separately because

males and females differ in their average sizes.

RAPD-PCR analysis was performed using DNA sampled

from each ofthe model trees. DNA was extracted from 10 mg
of fresh leaf tissue in accordance with standard method [17].

OPA-14 primer, TCTGTGCTGG (Operon Technologies,

USA), was used for RAPD-PCR. Amplification was carried

out under the following conditions: 95° C for 5 min, followed

by 45 cycles of 95°C for 1 min, 36°C for 1 min, 72°C for

2 min, and final extension 72°C for 10 min.

The amplification products were separated by elec-

trophoresis in 1.8% TBE agarose gel [17], stained with

ethidium bromide and photographed under the UV light.

DNA-markersM 100 (IsoGen, Moscow) including fragments

with length of 100, 200, ...,900, 1000 bp, were used as the

molecular weight markers.
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Table 1: Results oftwo-wayANOVA on the parasitoid body lengths variation in dependence from parasitoid tibia phenotype and cremaster

phenotype of the host insect pupa (see Figure 4).

Source of variation d.f. Sum of squares Mean squares F

Leaf roller phenotype 1 205.02 205.02 1.92

Parasitoid phenotype 1 1.05 1.05 0.01

Interaction 1 653.78 653.78 6.11*

Within 28 2994.15 106.93

Total 31 3854.00

*P < .05.

Figure 4: Body lengths of the I. maculator males in dependence on

their phenotypes and phenotypes of their host insect pupae (results

oftwo-way ANOVA in Table 1).

The results obtained were statistically processed using

two-way ANOVA procedure. Total sample of the leaf roller

pupae, from which the parasitoids emerged, was divided

into groups in respect to their phenotypes. These groups

were parasitized by I. maculator specimens distinct in their

phenotypes or genotypes. Oak trees were divided into

two groups in respect to presence or absence of one or

another DNA fragment in their genotypes. These groups

were inhabited by I. maculator specimens distinct in their

phenotypes or genotypes. Thus, T. viridana phenotypes and

I. maculator phenotypes, or Q. pubescent genotypes and I.

maculator phenotypes were independent variables while I.

maculator sizes were analyzed as a dependent variable. If

parasitoids of one variant were presented in one leaf roller or

oak group and absent in another one, then these parasitoids

were excluded from the analysis in both the groups.

3. Results

3.1. Influence of Genetic Heterogeneity in Oak Leaf Roller

Moth on the Fitness Components of Its Parasitoids. First step

of the study was focused on the analysis of variation in I.

maculator body sizes in respect to their morphological and

Figure 5: Body lengths ofthe I. maculator females in dependence on

their phenotypes and phenotypes of their host insect pupae (results

oftwo-wayANOVA in Table 2).

genetic variation and to the morphological variation in their

host moths. Main attention was addressed to those cases

when variation in parasitoid quantitative sign depended on

the interaction between the genotypes of a parasitoid and

its host insect. Statistically significant interactions show that

the same genotype parasitoids may reach maximum sizes

when developing in the moths carrying one genotype and

remain small when developing in the moths which carry

alternative genotype.

The I. maculator males with the “light” tibia coloring

reached maximum body lengths when developing in the leaf

roller pupae with four peaks at their cremasters, but

remained small when developing in the leaf roller pupae with

two peaks at their cremasters. Totally opposite picture was

found for the I. maculator males with “brown” tibia coloring

(Figure 4, Table 1). Variation in thorax lengths showed the

same picture (interaction’s F = 6.09; P < .05).

The I. maculator females with alternatively colored

femurs in the same manner differ in their sizes with respect

to the host pupae coloring (Figure 5, Table 2). For thorax

lengths interaction’s F = 7.50 (P < .01). Interaction of the

factors contributes up to 45% to the total variation of the

fitness-related signs in I. maculator females.

Except phenotypic variation these parasitoids were also

described in respect to their genotypes in two allozyme loci,

Est and Pt. Host insect phenotype influences dependence of
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Table 2: Results of two-way ANOVA on the parasitoid body lengths variation in dependence from the parasitoid femur phenotype and the

host insect pupa coloring (see Figure 5).

Source of variation d.f. Sum of squares Mean squares F

Leaf roller phenotype 1 53.52 53.52 1.00

Parasitoid phenotype 3 264.32 88.11 1.64

Interaction 3 789.79 263.26 4.90*

Within 28 1503.04 53.68

Total 35 2610.67

*P < .01.

Table 3: Results of two-

(number of heterozygous

way ANOVA on the parasitoid femur lengths variation in dependence from the parasitoid two-locus genotype

; loci) and the host insect pupa coloring (see Figure 6).

Source of variation d.f. Sum of squares Mean squares F

Leaf roller phenotype 1 0.01 0.01 0.05

Parasitoid genotype 2 0.03 0.01 0.14

Interaction 2 1.02 0.51 4.92*

Within 40 4.15 0.10

Total 45 5.21

*P < .05.

the parasitoid sizes from number of heterozygous combina-

tions in their two-locus genotypes. Homozygotes were large

when developing in the brown-colored host insect pupae

and small when developing in those black colored while

two-locus heterozygotes showed quite an opposite trend

(Figure 6, Table 3). Interaction contributes up to 49% to the

total variation of the fitness-related signs in I. maculator

males.

As the parasitoid femur length relate to body size, and

body sizes relates to specimen fitness, we may say, for

example, that homozygous parasitoids survive better and

produce more offspring when they develop in brown than

in black host pupae. If this is the case, then we should find

statistic associations between corresponding genotypes ofthe

parasitoid and its host insect. Significant association was

found only for the I. maculator “light” tibia phenotype and

“four-peak” cremaster phenotype in the T. viridana pupae

(r = 0.43; d.f. = 1; = 5.88; P < .05).

3.2. Influence of Genetic Heterogeneity in Oaks on the Fitness

Components of I. maculator. RAPD-PCR analysis of oak

leaves with OPA 14 primer gave a range of DNA fractions

(Figure 7). Model trees exhibit wide polymorphism on the

obtained RAPD -markers. Individual spectrum could contain

from 4 to 12 amplified DNA fragments.

Two-way ANOVA was applied to study how the I. mac-

ulator sizes varied in respect to their phenotypes and geno-

types of the oaks, at which their host insects had been fed. In

this case we also have found an interaction between studied

factors. The I. maculator males with “black” tibia phenotype

were small on the oak trees with OPA 14-4 DNA fraction

in their RAPD-PCR spectrums and reached maximum sizes

on the trees without that fraction. Alternative phenotype

showed opposite trend (Figure 8, Table 4). Statistics for body

lengths was some lower the 95% confidence level while tho-

Figure 6: Femur lengths in the I. maculator males in dependence

on their two-locus (Est, Pt) genotype (number of heterozygous

loci) and phenotypes of their host insect pupae (results of two-way

ANOVA in Table 3).

rax lengths showed significant results. The OPA 14-5 DNA
fraction in oak leaves also influence mean sizes of the para-

sitoids with alternative tibia phenotypes (Figure 9, Table 5).

Statistically significant association was found only for

the “black” tibia phenotype of the parasitoid, which was

frequently observed in the oak leaf roller pupae from oaks

without the OPA 14-4 DNA fraction in their RAPD-PCR
spectrums (r = 0.25; d.f. = l;y2 = 4.44; P < .05).

4. Discussion

In this paper, we show dependence of parasitoid sizes not

only from their genotypes, but also from phenotypes of host

pupae, which they parasitize, and from genotypes of oak

trees, on which the hosts have developed. Body size of an
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Figure 7: Individual electrophoretic spectrums ofamplified DNA fragments from leaves of 14 model oaks with primer OPA 14; M: molecular

markers (100-1000 bp).

Table 4: Results of two-way ANOVA on the parasitoid thorax lengths variation in dependence on the parasitoid tibia phenotype and

genotypes of oaks (presence or absence of the OPA 14-4 DNA fraction; see Figure 8).

Source of variation d.f. Sum of squares Mean squares F

Oak genotype 1 1.23 1.23 0.22

Parasitoid phenotype 1 0.85 0.85 0.15

Interaction 1 28.27 28.27 4.97*

Within 28 159.37 5.69

Total 31 189.72

*P < .05.

Figure 8: Thorax lengths in the I. maculator males in dependence

on their phenotypes and genotypes of oaks (presence or absence of

the OPA 14-4 DNA fraction) on which their host insect pupae were

developed (results oftwo-wayANOVA in Table 4).

insect, as a rule, relates to its fitness [11,12]. This is true both

for insect viability and reproduction, because females choose

large males as their mates and ignore small males.

Parasitoid size usually relates to the size of its host

insect and this is also true for oak leaf roller moth and its

parasitoids, but the correlation is not strong with coefficients

ranged between 0.2 and 0.4 [14]. Pupa size, thus, is not the

main factor influencing size of a parasitoid developing in it.

Insect size usually relates to its fitness. In our case this means

that, for example, homozygous parasitoids survive better and

Light” u
Brown”

"MWdta* P^notype

M

Figure 9: Body lengths of the I. maculator males in dependence

on their phenotypes and genotypes of oaks (presence or absence of

the OPA 14-5 DNA fraction) on which their host insect pupae were

developed (results of two-wayANOVA in Table 5).

produce more offspring when they developed in brown than

in black host pupae.

We may, thus, say that oak genotype and phenotype of

oak leaf roller pupa, which has develop on this tree, influence

fitness of a parasitoid that parasitizes this pupa. In other

words, genotypes of host plant and host herbivore drive

the parasitoid selection, changing genotype frequencies in

its population. By this reason, genotype frequencies become

related in three links of food chain. Earlier we have detected

this as associations between genotypes or phenotypes of oaks

and moths [18].

Found associations represent ties among the gene pools

of populations, interacting in a community. As we have
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Table 5: Results of two-way ANOVA on the parasitoid thorax lengths variation in dependence on the parasitoid tibia phenotype and

genotypes of oaks (presence or absence of the OPA 14-5 DNA fraction; see Figure 9).

Source of variation d.f. Sum of squares Mean squares F

Oak genotype 1 30.12 30.12 0.65

Parasitoid phenotype 2 23.50 11.75 0.25

Interaction 2 396.67 198.33 4.26*

Within 40 1863.37 46.58

Total 45 2313.65

*P < . 05 .

elements, gene pools, and ties among them, we may say

about some system, “genetic” system of a community. M. A.

Holubets [19, 20] heuristically described this system as eco-

system “memory,” regulatory, informative subsystem driving

ecosystem functioning, and called it genoplast. As genoplast

arises on the base of selective processes within each of

the interacting populations, its explanation requires no in-

troduction of such categories as “ecosystem selection” or

“ecosystem heritability” [3, 4]. Of course, as heritability is

peculiar to each of the individuals included in a community,

there should be some succession among the past, present and

future states of the community. This ecosystem succession

is equivalent to the heritability at the level of individuals,

and may mimic it in the case, when species participants

of a community strongly differ in their life cycle durations.

Genoplast is the next hierarchy level after population gene

pools. It arises from interactions among the representatives

of different species, and its succession integrates individual

heritabilities in the same manner as pressure of a gas inte-

grates velocities of the molecules it consists of.

The concept of “extended phenotype,” which some inves-

tigators put into the base of ecosystem genetics, is very close

to the concept of individual and species consortia, peculiar

to the East-Europe ecological tradition [14, 21]. Individual

consortium is an elementary ecosystem, which consists of

central organism (as a rule, large organism such as tree or

mammal, e.g.) and all the other organisms living in, on, and

around it. Population and species consortia integrate indi-

vidual consortia of population and species representatives

correspondingly Genoplast, thus, seems to be more reason-

able candidate as a matter of ecosystem genetics study than

“extended phenotype.”

Ecologists often conclude that intrapopulation genetic

variation very little contributes to the total dynamics of stable

ecosystems. But this stability may be a function of those ge-

netic variations, which occur within each of the populations

and interact across them. At the same time, genetic hypoth-

eses found their places among others, explaining population

numerical dynamics [22, 23].

Sexual selection, influencing mating system, evokes rapid

genetic changes and may have dramatic impact on the popu-

lation numbers [12]. With that, sexual selection presupposes

that no each of the population members has a chance for re-

production and these “losers” differ from “winners” in their

genotypes. Thus, genetic lows influence the “decision,” how
many population members could contribute to the offspring

quantity and quality.

Strength of genotype-genotype interactions among the

representatives of different species in the ecological com-

munity may be critical for answering the question: whether

the genetic-ecological interplay is really sufficient for under-

standing of ecosystem functioning. Strong impact of inter-

action between genotypes or phenotypes of different species

representatives, reaching 49% from total variation, on the

fitness of one of them argues for incorporation of genetics

into ecological explanations.
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Brochosomes are ultramicroscopic particles produced in large quantities by the Malpighian tubules of leafhoppers (Insecta,

Hemiptera, and Cicadellidae) and applied by leafhoppers as a coat to their integuments. A recent study has described brochosomes

on museum specimens of Heteroptera and Psylloidea, suggesting a wider distribution of brochosomes among Hemiptera. Here, I

report that the majority of adult Sthenarus rotermundi (Scholtz) (Miridae) and Kleidocerys resedae (Panzer) (Lygaeidae) reared in

captivity and handled with clean tools had no brochosomes on them, suggesting that the earlier records of brochosomes in these

and perhaps other species outside of the Cicadellidae were due to contamination. Additionally, simple experiments demonstrated

that insects can become contaminated with brochosomes via entomological tools that had been in contact with leafhoppers and

via preservation in ethanol together with leafhoppers. Contamination of host plants, predators, and parasites of leafhoppers with

brochosomes is also expected but remains to be demonstrated.

1. Introduction

Brochosomes are ultramicroscopic proteinaceous secretory

particles, usually 0.3-0. 7 jam in diameter, with a character-

istic honeycombed surface, that have been originally discov-

ered under an electron microscope on the integuments of

leafhoppers, true bugs, mosquitoes, flies, sawflies, and chal-

cidoid wasps [1-3]. Later, Day and Briggs [4] discovered that

brochosomes were produced in vast quantities by specialized

glandular segments of the Mapighian tubules of leafhoppers

(Cicadellidae) and suggested that the earlier records from

other insect taxa had been due to contamination. After molts,

adult and often also immature leafhoppers release brocho-

some-containing liquid secretion through their hindguts

and actively distribute these particles over their integuments

as a nearly continuous hydrophobic coat, which is thought

to protect leafhoppers from getting trapped into their

liquid excrement [5]. The distribution process is facilitated

by specialized rows and groups of leg macrosetae, which

coincidentally serve as important diagnostic characters of the

Cicadellidae, suggesting that the evolution ofthis hemipteran

family was intimately associated with brochosomes [6, 7].

After the study by Day and Briggs [4], the idea that

brochosome production is unique to Cicadellidae remained

unchallenged for a long time, except for a brief report of

brochosomes found under SEM on the legs of Cercopoidea

[8]

. However, a recent well-illustrated study by Wyniger et al.

[9] has reported brochosomes on museum specimens

of 16 species from 7 heteropteran families (Berytidae,

Lygaeidae, Miridae, Plataspidae, Rhopalidae, Saldidae, and

Tingidae) and one species of Psylloidea. The authors suggest

that brochosomes are in fact widely distributed among
Hemiptera, although in the non-cicadellid lineages they are

typically produced in much smaller quantities. This view

challenges not only the idea ofbrochosomes as one of the key

innovations in the evolution of Cicadellidae, but also their

hypothetical primary function as a protective biomaterial.

The authors admitted that their observations required

fur ther confirmation, because neither the production of

brochosomes in the Malpighian tubules or other organs,

nor any associated behaviors for their transport onto the

integuments had been documented for Heteroptera or

Psylloidea. Their data [9] derive credibility primarily from

two sources: brochosomes have been found in at least two

individuals of each reported species and on many specimens

brochosomes occurred in large numbers (most often on the
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legs). It appears, however, that the authors included only

positive records: no individuals without brochosomes are

mentioned, and the total number of individuals examined

for each species is not indicated. Moreover, the observations

have been made during a survey of dry museum-preserved

specimens collected by various collectors, possibly with

different techniques, and clearly not with the purpose of

documenting the taxonomic distribution of brochosomes.

Another recent report of brochosomes, in a species of

Miridae [10], has the same flaw. Similarly, Frost et al. [8]

provided no details on their collecting and handling meth-

ods, suggesting that no special precautions were observed to

avoid possible contamination of their cercopoid specimens.

Hypothetically, contamination with brochosomes may occur

as a result of collecting and handling cicadellids and other

insects using the same equipment (aspirators, killing jars,

sweep nets, and forceps) or preserving cicadellids in ethanol

together with other insects. Additionally, predators and

parasitoids of cicadellids may become contaminated with

brochosomes via natural contacts.

In the present study, we examined adults of two het-

eropteran species listed by Wyniger et al. [9] as bearing

brochosomes, Sthenarus rotermundi (Scholtz) (Miridae), and

Kleidocerys resedae (Panzer) (Lygaeidae). Among these, 5.

rotermundi has previously been described as displaying the

largest amounts of brochosomes among the examined het-

eropteran species [9] . We used adults reared in the laboratory

from immature stages and handled with precautions to

avoid contact with leafhoppers or leafhopper-contaminated

surfaces. Additionally, we tested whether brochosomes can

contaminate insects via shared entomological equipment (an

aspirator) and via ethanol.

2.

Materials and Methods

Nymphs of S. rotermundi were collected from white poplars

in the city of Moscow, Russia, and reared on cut poplar

shoots inside clean 50 mL Corning tubes. Twenty adults were

killed two weeks after the final moult and examined under

SEM. Because in the previously studied heteropterans, the

largest amounts ofbrochosomes have been found on the legs

[9], the legs were chosen to search for brochosomes. For each

individual, one posterior tarsus, tibia, and femur and one

anterior tarsus, tibia, and femur were examined at random
points at the 10,000x magnification. Five to 26 (average, 11)

photographs per individual were taken for documentation.

Nymphs of K. resedae were collected from birch in Kiel,

Germany, and reared on cut birch catkins inside plastic Petri

dishes. Fifteen adults were killed two weeks after the final

moult and examined under SEM. Because in this species,

Wyniger et al. [9] had found brochosomes on both the legs

and corium, one forewing and one posterior tarsus from

each individual were screened at the 10,000x magnification.

Photographs were taken for documentation at three random
points for each body part.

To test whether insects get contaminated with brocho-

somes when preserved in ethanol together with leafhoppers,

27 Drosophila melanogaster Meigen fruit flies from a lab cul-

ture and five Igutettix oculatus (Lindberg) adult leafhoppers

Table 1: Distribution ofthe total number ofbrochosomes observed

per individual among adults of two heteropteran species reared in

captivity.

No. of individuals in which the

total number of observed

brochosomes was

0 1-10 11-20 >20

S. rotermundi ( n = 20) 14 4 2 0

K. resedae (n = 15) 13 2 0 0

were kept together in 70% ethanol within a closed 2mL
plastic microcentrifuge tube for two weeks. Five flies were

later pulled out and examined under SEM.

To simulate contamination via entomological equip-

ment, we placed three D. melanogaster for three minutes

within an empty 50 mL plastic Corning tube previously used

for aspirating a large number of live Alebra sp. leafhoppers.

The flies were subsequently examined under SEM.

All specimens were sputtered with gold and examined

under a Vega 3 Tescan scanning electron microscope.

3. Results

On 14 out of 20 S. rotermundi and 13 out of 15 K. resedae

individuals, no brochosomes were observed (Table 1). The

total ofone to two brochosomes per individual were recorded

in two K. resedae and three S. rotermundi individuals. In

the remaining three S. rotermundi, the total of 7, 14, and

18 brochosomes were found. The largest concentration of

brochosomes observed was 12 particles in a 8 X 11 pm field

of view (Figure 1(a)). The entire set of 310 micrographs of

the two species is available from the author upon request.

Both the D. melanogaster flies stored in ethanol

together with leafhoppers and those kept in the leafhopper-

contaminated aspirator carried individual brochosomes or

their groups on various body parts (Figures l(b)-l(d)).

4. Discussion

My observations on the two heteropteran species reared

in captivity are in stark contrast with the results reported

by Wyniger et al. [9]. The majority of individuals had no

brochosomes on the examined body parts, and the minority

had only a few brochosomes. The discrepancy is particularly

striking in the case of S. rotermundi, characterized [9] as

the species showing the highest abundance of brochosomes

within the investigated Heteroptera and always displaying

high number of brochosomes on various body parts, includ-

ing the tibiae and tarsal segments. The only explanation

consistent with the idea of brochosomes being natural

secretory products of Heteroptera [9] would be that the

experimental insects did not have enough time to accumulate

larger amounts ofbrochosomes on their integuments during

the two weeks after the final moult. Such an explanation

is highly unlikely. For comparison, Cicadellidae coat them-

selves with brochosomes within hours after the final molt,

before they commence feeding [11]. It is much more likely
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(c) (d)

Figure 1: Insect integuments contaminated with brochosomes. (a) Pulvillus of Sthenarus rotermundi reared in captivity, showing the

largest concentration of brochosomes (12 particles) observed among heteropteran specimens in this study and some bacteria, (b) Wing
ofDrosophila melanogaster kept in ethanol together with leafhoppers; inset: close-up of brochosomes. (c) Eye ofD. melanogaster kept within

a leafhopper-contaminated aspirator reservoir, (d) Tarsus of D. melanogaster kept within a leafhopper-contaminated aspirator reservoir.

Scale bars: 2 pm (a-d).

that the few brochosomes observed in this study were due

to a failure to completely prevent contamination. Although

direct contact with leafhoppers was precluded, the insects

molted in captivity had been in contact with cuttings of host

plants growing in the wild, which potentially may have been

contaminated by leafhoppers. Remarkably, the specimens

that displayed the largest number of brochosomes were

also visibly contaminated with other extraneous particles,

including bacteria (Figure 1(a)).

Therefore, the earlier SEM-based records ofbrochosomes

in Cercopoidea [8], Ffeteroptera [9, 10], and Psylloidea [9]

are most likely explained by contamination. The ultrastruc-

ture of the Malpighian tubules has not been adequately

studied in Heteroptera, while in Psylloidea these organs

are either completely reduced or, possibly, transformed

into the so-called midgut appendages [12], which have not

been studied using electron microscopy. In contrast, the

Malpighian tubules of Cercopoidea have been studied at

the ultrastructural level in both immatures [13-17] and

adults [18] but are not known to produce brochosomes. It is

worth noting that all these hemipterans, but particularly cer-

copoids, are often collected by the same collectors who collect

cicadellids, which increases the probability of contamination.

Among multiple potential routes of such contamination,

this study has tested and verified the two most obvious ones:

via dry surfaces which had been in contact with leafhoppers

and via ethanol. The outer integument of most leafhoppers

is completely coated with a sheath of brochosomes [5].

These ultramicroscopic particles easily come loose at contact

and adhere to foreign surfaces. As a result, sweepnets, aspi-

rators, killing jars, forceps, and other entomological tools

can become contaminated. The same is possible for plant

surfaces where leafhoppers concentrate.

Storage of mixed insect samples in ethanol prior to

sorting is a common practice. Ethanol does not dissolve

or otherwise affect brochosomes, nor it washes most bro-

chosomes off the cicadellid integuments. However, some

particles come loose and either mix into solution or, possibly,

float on its surface, which leads to contamination.

Another possible contamination route, which is perhaps

less likely but more difficult to exclude, is through the
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ambient air, which has been shown to contain significant

amounts ofbrochosomes [19].

Finally, perhaps the most intriguing potential route of

brochosome contamination is through natural interactions

between predators and parasites and their cicadellid prey

or hosts, respectively. It is possible that predation may
explain the presence ofbrochosomes on at least some of the

heteropterans examined by previous authors. The bulk of

species in which brochosomes have been reported belong

to Miridae [9, 10]. Most members of that family are at least

facultatively zoophagous, and some are known to prey on

cicadellids [20]. Even the species closely associated with par-

ticular host plants and appearing mostly herbivorous may be

facultative predators. During this study S. rotermundi, closely

associated with the white poplar, displayed cannibalism and

sucked out small leafhopper nymphs placed into the rearing

tubes. Mirids typically grasp their prey with the legs, which

is consistent with the fact that in most specimens examined

by previous authors [9, 10] brochosomes were found on

the legs (which is also compatible with an aspirator or kill-

ing jar-mediated contamination scenario). Potential use of

brochosomes as tracers of predaceous or parasitic interac-

tions within natural arthropod communities is worth fur-

ther study. However, such studies require exclusion of other

contamination routes, while the results presented here indi-

cate that that may be very difficult.

References

[1] G. S. Tulloch, J. E. Shapiro, and G. W. Cochran, “The

occurrence of ultramicroscopic bodies with leafhoppers and

mosquitoes,” Bulletin of the Brooklyn Entomological Society

,

vol. 47, pp. 41-42, 1952.

[2] G. S. Tulloch and J. E. Shapiro, “Brochosomes,” Bulletin of the

Brooklyn Entomological Society, vol. 48, pp. 57-63, 1953.

[3] G. S. Tulloch and J. E. Shapiro, “Brochosomes and leafhop-

pers,” Science , vol. 120, no. 3110, p. 232, 1954.

[4] M. F. Day and M. Briggs, “The origin and structure of

brochosomes,” Journal of Ultrasructure Research , vol. 2, no. 2,

pp. 239-244, 1958.

[5] R. A. Rakitov, “Brochosomal coatings of the integument of

leafhoppers (Hemiptera, Cicadellidae),” in Functional Surfaces

in Biology , S. N. Gorb, Ed., vol. 1, pp. 113-137, Springer,

Berlin, Germany, 2009.

[6] R. A. Rakitov, “On differentiation of cicadellid leg chaetotaxy

(Homoptera: Auchenorrhyncha: Membracoidea),” Russian

Entomological Journal , vol. 6, pp. 7-27, 1998.

[7] C. H. Dietrich, R. A. Rakitov, J. L. Holmes, and W. C. Black,

“Phylogeny of the major lineages of Membracoidea (Insecta:

Hemiptera: Cicadomorpha) based on 28S rDNA sequences,”

Molecular Phylogenetics and Evolution , vol. 18, no. 2, pp. 293-

305, 2001.

[8] A. S. Frost, J. S. Gardner, and M. Nielson, “Scanning

electron microscope study of brochosomes of Cercopidae,”

in Proceedings of the 52nd Annual Meeting of the Microscopy

Society ofAmerica, pp. 358-359, August 1994.

[9] D. Wyniger, D. Burckhardt, R. Miihlethaler, and D. Mathys,

“Documentation of brochosomes within Hemiptera, with

emphasis on Heteroptera (Insecta),” Zoologischer Anzeiger, vol.

247, no. 4, pp. 329-341, 2008.

[10] D. Forero, “Revision of the genus Carvalhomiris (Hemiptera:

Miridae: Orthotylinae),” Entomologica Americana , vol. 115,

no. 2, pp. 115-142, 2009.

[11] R. A. Rakitov, “Post-moulting behaviour associated with

Malpighian tubule secretions in leafhoppers and treehoppers

(Auchenorrhyncha: Membracoidea),” European Journal of

Entomology, vol. 93, no. 2, pp. 167-184, 1996.

[12] J. M. Cicero, J. K. Brown, P. D. Roberts, and P. A. Stansly, “The

digestive system of Diaphorina citri and Bactericera cockerelli

(Hemiptera: Psyllidae) ,” Annals of the Entomological Society of

America, vol. 102, no. 4, pp. 650-665, 2009.

[13] A. T. Marshall, “Spittle production and tube-building by

cercopoid nymphs (Homoptera). I. The cytology of the

Malpighian tubules of spittle-bug nymphs,” Quarterly Journal

ofMicroscopical Science, vol. 105, no. 2, pp. 257-262, 1964.

[14] T. Marshall, “Spittle production and tube-building by cer-

copoid nymphs (Homoptera). 2. The cytology and function

ofthe granule zone ofthe Malpighian tubules oftube-building

nymphs,” Quarterly Journal of Microscopical Science, vol. 105,

no. 4, pp. 415-422, 1964.

[15] T. Marshall, “Spittle production and tube-building by cer-

copoid nymphs (Homoptera). III. The cytology and function

of the fibril zone of the Malpighian tubules of tube-building

nymphs,” Quarterly Journal of Microscopical Science, vol. 106,

no. 1, pp. 37-44, 1965.

[16] A. T. Marshall, “Protein synthesis and secretion by the

Malpighian tubules ofcercopoid larvae (Homoptera),” Journal

ofInsect Physiology, vol. 19, no. 12, pp. 2317-2326, 1973.

[17] A. T. Marshall, “Golgi body function and mucocomplex

secretion in the Malpighian tubules of cercopoid larvae

(Insecta: Homoptera),” Journal of Ultrastructure Research, vol.

47, no. 1, pp. 95-105, 1974.

[18] A. T. Marshall and W. W. K. Cheung, “Studies on water

and ion transport in homopteran insects: ultrastructure and

cytochemistry of the cicadoid and cercopoid Malpighian

tubules and filter chamber,” Tissue and Cell, vol. 6, no. 1, pp.

153-171, 1974.

[19] K. Wittmaack, “Brochosomes produced by leafhoppers—

a

widely unknown, yet highly abundant species of bioaerosols

in ambient air,” Atmospheric Environment, vol. 39, no. 6, pp.

1173-1180, 2005.

[20] A. G. Wheeler, Biology of the Plant Bugs (Hemiptera: Miridae):

Pests, Predators, Opportunists, Cornell University, Ithaca, NY,

USA, 2001.



Hindawi Publishing Corporation

Psyche

Volume 2011, Article ID 710929, 5 pages

doi:10.1 155/201 1/710929

Research Article

Essential Oils ofAromatic and Medicinal Plants as

Botanical Biocide for Management of Coconut Eriophyid

Mite (Aceria guerreronis Keifer)

Susmita Patnaik, 1 Kadambini Rout, 1 Sasmita Pal, 1 Prasanna Kumar Panda, 1

Partha Sarathi Mukherjee,2 and Satyabrata Sahoo 1

' Natural Products Department, Institute ofMinerals and Materials Technology (IMMT), Bhubaneswar 751013, India
2Advanced Materials Technology, Institute ofMinerals and Materials Technology (IMMT), Bhubaneswar 751013, India

Correspondence should be addressed to Susmita Patnaik, susmitapatnaik007@gmail.com

Received 1 September 2010; Revised 30 December 2010; Accepted 11 April 2011

Academic Editor: G. B. Dunphy

Copyright © 2011 Susmita Patnaik et al. This is an open access article distributed under the Creative Commons Attribution

License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly

cited.

The present study investigated the efficiency of essential oils extracted from different aromatic and medicinal plant sources on

Aceria guerreronis Keifer, one of the serious pests of coconut. The essential oils and the herbal extracts were prepared in two

different formulations and were used both in laboratory and field conditions to assess the efficiency of the formulations against the

coconut mite infestation. The field trial results showed that reduction in infestation intensity was found to vary between 73.44%

and 44.50% at six different locations of trial farms with an average of64.18% after four spells of treatment. The average number of

live mites was higher in the third month old nuts both in the control as well as the treated nut samples. The laboratory experiments

on the efficacy ofbotanical biocide showed that the time taken for dehydration and shriveling ofbody cells took only sixty seconds.

The multilocational field trials revealed the overall efficiency of the biocide to significantly control the eriophyid mite in coconut

crop in an ecofriendly and sustainable manner without adopting any chemical pesticide.

1. Introduction

The eriophyid mite (Aceria guerreronis Keifer) is a micro-

scopic organism that remains under the perianth of the

coconut and has been one of the serious pest of coconut

for the last three decades in major coconut growing

countries [1-4]. These tiny mites aggregate in colonies in

the inner and outer bracts and under the tepals and feed

on the meristematic tissues on the nut surface. Due to mite

congregation and feeding the meristematic tissue beneath the

perianth becomes chlorotic and then cracks. A. guererronis

infestation leads to surface scars, reduced fruit growth, and

premature fruit fall [5]. The reported yield loss caused by

A. guererronis was found to be 34% in India [6]. In the

past few years, several studies have focused on the potential

use of essential oil formulations in biological control of

various insect pest and diseases. The essential oils which get

more rapidly degraded into the environment than chemical

compounds have been studied for their action against

various insect pest of stored products [7, 8]. Recent studies

have demonstrated the antilarval and antifeeding [9-11],

delayed adult emergence and egg mortality [12], arrestant

and repellant actions [13] of essential oils. The present

study has been aimed to use these natural derivatives as an

alternative ecofriendly means to control the eriophyid mites

(A. guererronis Keifer), one of the serious pest of coconut.

2. Materials and Methods

The oils herein were chosen based on initial field studies,

allowing suitable quantities of acaricides to be used more

effectively over a given time interval to meet the multiple

demands of efficacy, suitability to mode of application,

and minimization of environmental damage. The essential
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oils and extracts from Banatulsi (Hyptis suaveolens ), Tulsi

(Ocimum santum ), Patcholi (Pogostemon cablin), Citronella

(Cymbopogon winterianus), Kalmegh (Andrographis pan-

iculata ), Citrus ( Citrus limon ), and Soapnut (Sapindus

emarginatus) were used after analysis of their active princi-

ples against insect pest and diseases.

Field trials were conducted at five farms ofcoconut grow-

ing states of India (Karnataka, Kerala, West Bengal, Orissa

and Andhra Pradesh (Demonstration cum-seed Production

Farm (DSP) and Phillips Farm)) in replicated randomized

block design. The botanical formulation in spray and

herbal organic manure were applied to infested coconut

plants at quarterly intervals by preparing rings to study

its effectiveness against the mite. The botanical acaricide

was applied on newly pollinated flowering bunches in two

ways: one method consisted of spraying at the rate of 25 mL
per flower using oil combination diluted in 250 mL water.

Protocol two included application of 3 kg herbal organic

manure per plant. The formulation was prepared by mixing

coir pith and cow dung in a ratio of 1 : 2 along with 1% (w/v)

each of Andrographis paniculata and Hyptis suaveolens kept

in a pit for three months for composting. The efficacy of the

botanical biocide was based on the infestation intensity ofA.

guererronis from different farms.

To analyze competence of the botanical biocide, labora-

tory experiments were also conducted. The number of live

mites present in nuts of different ages was studied both for

control and treated plants. Nut samples from five randomly

selected bunches per replication from one to six month old

were collected from each of the trial farms three months

after biocide application. The nuts were then subjected to

counting of mites by a method according to Lawson-Balagbo

et al. [14]. The mite population inside the bracts and on

the nut surface below the perianth were extracted using

50 ml of IN cetrimide solution, and the mite suspension

after collection in a beaker (100 mL) was agitated by blowing

air into it for about 15-20 seconds using a pipette for

uniform mixing. Immediately, 10 mL of the subsample of

the suspension was transferred to De Grisse counting dish,

and mites were counted (A). A second sample counting

determined left out mites on bracts and nut surfaces (B). A
third count was done by direct observation of the bracts and

the surface below perianth using stereoscopic microscope

to count any left out mites (C). Thus, the total number of

mite (N) present per nut was calculated by the formulae:

N = 5 (A + B) + C. The samples from nuts of different ages

were subjected to statistical analysis. The inflorescence was

also examined for presence of eriophyid mite.

Essential oils ofHyptis suaveolens, Ocimum santum, Cym-
bopogon winterianus, Pogostemon cablin and Citrus limon,

and botanical biocide formulation were placed in direct

contact with eriophyid mite (A. guererronis ). Ten live mites

from each infested nuts from different farms were transferred

to a cavity slide under microscope, and 20 pL of the oils

or formulation were applied to the slide. Time taken for

dehydration and shriveling of body cells was recorded and

analyzed statistically through T-test (Data not shown).

Treated nut samples

Untreated nut samples

Figure 1: Effect of botanical biocide on average number of mites

with respect to age of nuts.

3. Results and Discussion

The botanical biocide treatments against the infestation

intensity of the eriophyid mite produced interesting effects

(Table 1), lowering the average infestation intensity to

69.37% after six treatments. The pretreatment eriophyid

intensity averaged 80.8% (range 58.2-100%) at six trial

farms. After first treatment count the botanical biocide

exhibited significant effect in reducing infestation by 23.25%.

The percentage reduction was essentially similar at the

test sites [Orissa (35.16%), Kerala (29.96%), Phillips farm

(23.28%), DSP farm (22.12%), West Bengal (15.16%),

and Karnataka (13.83%) after first treatment. After second

treatment, intensity of mite in the nuts was observed to

be reduced at all sites by 33.24%. However, in trial farms

of Karnataka and Kerala, mite infestations were higher

compared to levels after previous treatments. This may be

attributed to the secondary infestation of pathogens. The

third treatment also increased reduction by 59.33% with

a similar trend followed in the fourth treatment. Results

were not significantly different at subsequent treatments.

The reduction of infestation intensity in Orissa and DSP
farm is significantly higher than the other trial farms (Orissa

(73.44%), DSP (71.5%), Phillips farm (67.51%), West Bengal

(63.94%, and Karnataka (44.5%)). The statistical analysis

of fifth and sixth round of botanical biocide applications

showed results at par with the fourth application, thus

inferring that the application dosage of the biocide for mite

control in coconut can be standardized as four applications

per year for most farming locations.

The laboratory experiment for number of live mites

present in nuts of different age revealed that inflorescences

of coconut carried no mite. This supported the result of

Moore and Alexander [15] which reports that mites do not

infest the meristematic zones of unfertilized coconut flowers.

The presence of mites on the nuts collected from one to six-

month-old bunches after fertilization supported the findings
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(a) Aceria guererronis Keifer before treatment. (b) Aceria guererronis Keifer after treat-

ment.

Figure 2: Eriophyid mite before and after botanical biocide treatment.

of
[ 16] where they report that after fertilization, the coconut

fruits of all ages are susceptible to mite attack but in general

peak mite populations occur in 3-7 months old coconuts.

The highest population density of the mites was observed

on the three-month-old nuts (Figure 1). Similar results on

occurrence of highest number of mites on nuts of third

month were reported by [17, 18]. The laboratory studies

revealed subsequent decline in number of mites with increase

in age of nuts however, lowest number of mite per nut

was recorded from nuts of six months. Similar report was

furnished by [19] wherein mite population showed rapid

increase up to an age of three months followed by steep

reduction. The minimum population was being observed on

nuts of age seven to eight months. However, the incidence

of mites on nine to ten-month-old nuts was reported from

several areas [20, 21]. Such differences in mite population

as per age of the nuts may be attributed to differences

in ecological factors, age, and varieties of palms under

study.

The F-test for time of dehydration of cells of E. mite

showed that the treatments were significantly different

from each other. The botanical biocide formulation showed

best response (60 sec) in order to cause dehydration and

shriveling of cells thereby leading to death of mite (Figure 2).

However, essential oil of Hyptis suaveolens (80 sec) showed a

par results with Cymbopogon winterianus (92 sec). The time

required by the essential oils of Citrus limon (132 sec) and

Ocimum sanctum (135 sec) were significantly not different

from each other. The essential oil of Pogostemon cablin

(227 sec) took maximum time to inactivate the mite. With

the treatment of biocide, the eggs were also found to

degenerate along with the mite (Figure 2(b)).

4. Conclusion

From the significant results of the study, it can be concluded

that essential oils and their constituents have varying degrees

of pest controlling activities. The present study shows the

possibilities of encouraging the use of botanical biocides as

future pest management strategies of coconut mite.
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Scent marking food resources is expected to enhance foraging efficiency reducing search time. Many social bees exhibit this

behavior, but scent-marking is absent in social wasps, except for Vespa mandarinia. We tested for scent marking in the swarm-

founding wasp, Polybia occidentalis. This wasp has moderately large colonies and utilizes resources that are concentrated in time

and space, making scent marking profitable. Also, this wasp uses chemical markings to lead nestmates to a new nest site during

swarm emigration, making it possible that it could use the same behavior to recruit nestmates to a food source. Foragers from 1

1

colonies were given a choice between a previously visited feeder and an unvisited one, both containing a rich, unscented sucrose

solution. There was no difference in the number of visits to the two treatments. However, some individuals chose the feeder on one

side more often. We conclude that foragers of this species ofwasp do not use odor marks left behind by nestmates to find food, but

they do exhibit the tendency, when returning to a food source that has not been depleted, to choose a resource based on its relative

position, presumably by using visual cues.

1. Introduction

Recruitment is communication that brings nestmates to an

area where work is required, and in social insects it enhances

the efficiency of colony resource acquisition by increasing the

number of foragers exploiting a food source [1]. A num-
ber of recruitment mechanisms have evolved, including the

well-known waggle dance of honey bees [2] and the trail

pheromones of ants [3] and stingless bees [4, 5]. Both the

occurrence and sophistication of recruitment mechanisms

tend to correlate positively with colony size [6].

In contrast to the bees and ants, no recruitment signals

that encode distance or direction have been found in the

social wasps [7, 8], but foragers in some species utilize

social cues. Olfactory cues from the food brought back by

successful foragers can stimulate foraging and bias a colony’s

collection efforts to resources with the same scent in the field.

This behavior has been demonstrated in yellowjackets [9-12]

and the swarm-founding wasp Polybia occidentalis [13, 14].

In addition to this nest-based information, wasps also utilize

social, field-based information; many species are attracted to

food sources where others are feeding (local enhancement)

[8, 13, 15, 16].

The majority of social wasp colonies have populations

in the 102—10 3 range, but some species reach the 104— 10 5

range [17], and individuals number as many as 7 million

in Agelaia vicina colonies [18], far beyond the colony sizes

of honey bees, stingless bees, and many ant species. It

is puzzling that wasps have not evolved food recruitment

behavior despite achieving colony sizes that exceed those

of other recruiting insects. The reason for the unequal

distribution of recruitment mechanisms across the social

Hymenoptera has not been explained. However, the range

of recruitment mechanisms also has not been fully explored,

especially for the social wasps. Thus, there remains the

possibility that food recruitment exists in species that have
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not been thoroughly studied, or for which the full gamut of

recruitment mechanisms has not been examined.

Chemical markings (either repellent or attractive) left

at food sources by previous visitors can also play a role in

the rejection or acceptance of a resource. These marks are

beneficial because attractive marks can increase the rate of

exploitation of a resource, while repellent marks can prevent

useless probing of depleted sources. These markings can

be categorized as either signals, which are actively left at

food sources to convey information, or cues, which provide

information but are left passively as a byproduct of sender

behavior. Evidence for both attractive and repellent marks

has been adduced for some bumble bees [19, 20] and

stingless bees [21, 22]. Recent evidence suggests that these

marks are cues, footprints of cuticular hydrocarbons left

behind passively by foragers walking on food sources [5, 23-

26]. The rejection or acceptance of a resource is a context-

dependent, learned association between the marking and the

presence or absence of a reward. Thus, when a bee encounters

a scent mark on a resource that is paired with a reward, she

positively associates the scent mark with the presence of a

reward and visits scent-marked flowers more frequently. The

opposite occurs when a flower has previously been visited

and depleted.

Repellent and attractive marks are also left on food by

foraging honey bees [27-29]. Studies comparable to those

performed on bumble bees and stingless bees have not been

carried out to determine whether these marks are cues or sig-

nals. However, foraging honey bees actively release Nasonov

gland pheromone at some resources, which is attractive to

other foraging bees [29, 30]. This pheromone is most often

released at water sources, unscented artificial feeders, and

highly profitable resources [30, 31]. Taken together, the for-

aging contexts under which Nasonov pheromone is released

suggest that its function is to pinpoint the location of prof-

itable, unscented resources to potential recruits.

Previous work on Vespula germanica wasps suggested that

feeders are attractive to foragers after being visited heavily

over a period of days or walked over extensively [32, 33].

However, a better-controlled study on this species found that

feeders visited 50 or 100 times are no more attractive than

unvisited ones [34]. The only wasp that has been found to

actively apply scent marks to food sources is the hornet Vespa

mandarinia, which applies secretions from the sixth sternal

(van der Vecht’s) gland that are attractive to nestmates [35].

This behavior occurs during autumn raids on honey bee and

wasp colonies, when these hornets switch to group hunting

and attack these colonies en masse [35, 36].

In contrast to the vespine wasps, food site marking has

not been studied in the swarm-founding Polistinae. Swarm-

founding wasps may be more likely to exhibit scent-marking

behavior than independent-founding species. Many species

of the swarm-founding Polistinae, including Polybia occiden-

talism deposit attractive scent marks that guide nestmates to

a new nest site during colony emigration [37, 38]. During

emigration, scout wasps drag their gasters on leaves to de-

posit an attractive pheromone from a gland at the base of the

fifth gastral sternite [37, 38]. This pheromone could easily be

co-opted for use in a foraging context.

The benefits of food-site marking are expected to be

greater for species with large colony size. Larger colonies have

more foragers and therefore are more likely to find scent-

marked resources quickly. Polybia occidentalism like many
wasps, exploits a variety of carbohydrate resources that are

often concentrated in time and space, including fruit, human
refuse, honeydew, and extrafloral nectaries ([39], B. Taylor

pers. obs.). Polybia occidentalis also gathers nectar from

flowers of at least 15 families of plants, and the families

of plants preferred by wasps tend to be those that produce

large numbers of flowers [40]. Furthermore, P. occidentalis

forms moderately large colonies, numbering up to several

thousand individuals [38]. Thus, in addition to the presence

of scent-marking glands used during swarm emigration, the

large colony sizes and the types of resources exploited by P.

occidentalis suggest this species may benefit from food-site

marking.

Here, we test the hypothesis that the swarm-founding

wasp Polybia occidentalis marks carbohydrate food sites using

a chemical attractant signal. We also test whether foragers use

a visual cue—relative position on a feeder stand—to relocate

food upon return.

2. Methods

The study was performed at Centro de Rescate Las Pumas,

approximately 5 km west of Canas, Guanacaste, Costa Rica

(10°25'N, 85° T'W). Experiments were conducted between

23 June and 9 July 2008. This is the wet season in this area

of Costa Rica, and colonies were in a stage of active growth.

To facilitate training and following of foragers, nests were

moved into a field with scattered trees, where they were

attached to branches at eye level using either nylon cable ties

or wire. Tanglefoot (The Tanglefoot Co., Grand Rapids, MI,

USA) was applied to the branches to prevent predation by

ants. All nests were moved at night to minimize the number

of workers lost. Experimental trials were conducted between

the hours of 08:00 and 14:00. Rain often occurred in the

late afternoon, so conducting trials during this time was

specifically avoided.

2.1. Forager Marking and Training. A pool of 50 individually

marked workers was established for each nest at least one

day prior to testing to differentiate individuals and members
of different nests. A sucrose -filled feeding dish atop a tripod

stand was placed directly against the nest. As workers stepped

onto it from the nest to feed, they were caught, placed in vials

on ice until immobile, and marked on the thorax using paint

pens (Decocolor, Uchida of America, Corp. Torrance, CA,

USA). The markings encoded a unique number for both nest

and individual. After marking, individuals were returned to

the tripod stand, where they warmed up before flying back to

the nest.

Before each experimental trial, foragers were trained to

feed from a round, 4.5 cm-diameter tin dish that was covered

by a lid. The side of each dish had an opening through

which a glass microscope slide projected, providing a landing

platform down which foragers could walk to access the liquid



Psyche 3

(see [34] for details). The feeder was filled with a 2M sucrose

solution and placed against the nest in the same fashion as

during the marking process. Foragers crawled down from

the nest and fed from the dish. After 15-20 workers started

feeding from the dish, we began moving it upwind from the

nest in increments of approximately 1 m until it was 10 m
from the nest. During this time, the number of foragers

coming to the feeder often dropped considerably. If fewer

than two marked foragers arrived, the feeder was again

moved near the nest until at least two marked foragers made
repeated visits. Because there is some evidence that scented

solutions are less likely to be marked [30], we did not scent

the solution with any extracts.

2.2. Experimental Trials. After at least two marked foragers

were trained to the feeder and it was 10 m from the nest,

the feeder was replaced with a clean one in the center of the

tripod stand. If a resource is actively marked with a chemical

signal, then few visits should be required to make a feeder

more attractive. Therefore, the trained foragers were allowed

to visit the new feeder (hereafter referred to as the test feeder)

a total of five times (i.e., a total of five visits distributed

among all the trained foragers). This process occurred very

quickly, usually taking less than 2 minutes. Immediately

thereafter, the test feeder was moved to one side of the stand,

and an identical but unvisited feeder (hereafter referred to

as the control feeder) was placed on the opposite side of the

stand, 9.5 cm from the test feeder. The stand was rotated so

that the line connecting the two dishes was perpendicular to

wind direction.

A trial consisted of 40 choices made by a colony (dis-

tributed among 2-5 foragers, each making 1-25 choices). All

choices made by arriving, marked foragers were recorded for

use in the analysis until 40 visits were reached. All unmarked

foragers were captured and held until the conclusion of

the trial. To avoid the biasing effects of local enhancement,

foragers that arrived while another forager was feeding were

not counted [13, 15]. The position of the test feeder on

the tray (either right or left as viewed from downwind) was

determined by a coin flip and switched between visits. If the

control feeder was visited, its slide was replaced, and if other

portions of the control feeder were walked on, they were also

replaced. An observer sat crosswind, approximately 1 m from

the feeders, to minimize interference with any scent plumes

left behind by foragers.

2.3. Statistical Analysis. The food-site-marking hypothesis

predicts that the test feeder will receive more visits than

the control feeder. If no scent marking has occurred, then

both feeders should be visited equally. Therefore, we let

Yj = proportion of landings on the test feeder for each

colony and conducted a f-test with Ho : p = 0.5. A 95%
confidence interval for the mean was also constructed. We
conducted further tests to explore the roles of previous visits

and positional fidelity on feeder choice. For each individual

making at least eight choices during a trial, we conducted

two Fisher’s exact tests. The first tested whether there was

any preference for the previously visited test feeder, and the

Table 1: The proportion oflandings on the test feeder (40 visits per

colony) for the eleven colonies tested.

Colony no. Proportion of landings on test feeder

08-003 0.475

08-012 0.525

08-024 0.550

08-027 0.550

08-030 0.475

08-045 0.625

08-057 0.500

08-058 0.550

08-059 0.550

08-072 0.475

08-073 0.500

Mean 0.525

“i 1 r

6 8 10

Test feeder choices

Figure 1: The number of choices for the test feeder and control

feeder made by individuals that made at least eight choices during

a trial. Each symbol represents an individual. The dotted line

represents choices of 1 : 1.

second tested whether foragers showed any positional bias

(i.e., chose the feeder associated with the left or right side

more often during their visits).

3. Results

For the population of foragers from the 1 1 nests tested, the

mean proportion of visits to the test feeder was 0.525, with a

confidence interval that included 0.5 (95% Cl: 0.494-0.556)

(Table 1). A t-test revealed that colonies did not choose the

test feeder any more or less often than expected by chance

(

t

= 1.80, df = 10, P = .102). There were 25 foragers that

made at least eight choices during the trials. Of these, none

chose the test feeder significantly more often (Figure 1), but
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Figure 2: The number of choices for the feeder on the left or
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six of the 25 showed a side preference (Figure 2). This is

sufficient to reject the null hypothesis that no individuals

had a side preference (P = .0012). Foragers approached the

feeders from downwind but did not fly in a zig-zag pattern as

they approached and did not hover before entering a feeder.

Instead, foragers flew directly to a feeder before landing and

entering. During the trials, no dragging of the gaster on the

feeders was seen, except when foragers exited the feeders.

However, because there was no evidence that exiting foragers

actively wiped the gaster on any portion of the feeder as

described for swarm emigration [37, 38], the dragging was

likely due to the mass of the imbibed liquid weighing the

gaster down. The average time between visits to the test

feeder by successive foragers during testing was 1 minute 20

seconds (maximum time: 6 minutes 25 seconds). This figure

is slightly inflated because the choices of foragers were scored

only if no other forager was present.

4. Discussion

We found no evidence that attractive scent marks were

actively applied to the food dishes, and thus we conclude

that scent marking does not occur in the context of

carbohydrate foraging in P. occidentalis. In addition, foragers

were observed taking direct lines of flight from the nest to

the feeders, and no hovering near the feeders occurred before

landing. This is in contrast to the behavior of wasps using

olfactory cues to locate food [10, 12]. In these studies, wasps

approached the feeders using zig-zag patterns and hovered

before landing at the resource
[ 10, 12] . It is unlikely that scent

markings applied to the feeders would have deteriorated

during the trials. Chemical signals evolved in this context

should be long-lasting. Markings laid down by bumble bees

and stingless bees can last for more than an hour [41-43].

Here, the maximum time between visits to the test feeder was

only 6 minutes 25 seconds.

It is also unlikely that the feeders did not exceed a

threshold of profitability required to elicit scent marking.

The concentrations of dissolved sugar in the carbohydrate

resources often exploited by wasps (floral and extrafloral

nectar, fruit, and honeydew) range from approximately

0.5 M to 2.5M [44-47]. Thus, it is likely that a 2M solution

located a mere 10m from the nest would be perceived as

highly profitable to the wasps and therefore likely to be

marked if the behavior indeed did exist. However, if wasps

only switch to marking at greater distances, similar to honey

bees switching to waggle dances only when food sources are

>100m from the nest [2], our test would not have detected

its presence.

Because we tested only for responses to signal-based,

active scent marks, we cannot entirely rule out the possibility

of passive footprint cues, such as those utilized by stingless

bees and bumble bees, that might accumulate after many
repeated visits [5, 23-26]. The number of visits required

to make a feeder more attractive varies among species. A
foraging honey bee need land only briefly on a feeder to leave

an attractive scent mark [30]. However, in some stingless

bees, 20-40 visits are required to make a visited feeder more

attractive than an unvisited one [23, 43]. Vespula germanica

foragers did not choose a feeder visited 50 or 100 times

any more often than an unvisited one [34]. On the other

hand, these wasps were shown to follow a trail in the nest

entrance tunnel after it had been walked over by more than

200 individuals [48]. However, if such a large number of

visits is required to mark a food site with a footprint cue,

it would be of little value to foragers.

Because we used a carbohydrate food source, our ex-

periment cannot rule out the possibility that scent marks

are deposited on protein resources. Several swarm-founding

wasps scavenge on carrion [49-51], especially those in the

genera Agelaia and Angiopolybia. On the other hand, the

scent of rotting meat may render active marking of a resource

superfluous [8]. Indeed, recruitment was not found in

Agelaia multipicta or A. hamiltoni, two species known to

exhibit necrophagy [7]. In the tropics, these wasps must also

contend with stingless bees and ants that feed on carrion

[3, 4, 52]. Wasps may not be able to compete with these

insects, especially those that can amass large numbers of

foragers at these highly profitable sources using recruitment.

Foragers also did not choose the test feeder any less often

than the control, suggesting that P. occidentalis does not

leave behind repellent scent marks, either. There remains the

possibility, however, that repellent scent marks may be left

behind if a feeder is depleted. When repellent behavior has

been found in bees, the experiments utilized real flowers or
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artificial flowers that were depleted after feeding. In contrast,

our feeders remained filled.

Although we found no evidence for the role of scent

marks in forager resource choice, we did find an effect of

feeder position for some individuals. Presumably, these

wasps learned the relative position of the feeder on the tripod

stand using local landmarks and subsequently returned to

that same feeder more often. Because scent was weak, visual

cues may have been the only reliable cues available. Indeed,

visual cues are known to be used by wasps upon return

if a food source has not been depleted [53-55]. However,

not all individuals displayed a side preference. It is possible

that these individuals encountered other foragers at the

feeders during a trip, and this interaction caused them to

choose a different feeder on subsequent trips. Alternatively,

the strength of positional fidelity may have varied among
individuals. A study addressing the phenomenon directly is

needed to resolve the issue.

The apparent absence of scent marking in wasps and

its presence in some bees may be related to differences in

food sources utilized. Bees derive much oftheir carbohydrate

sustenance from flowers, while wasps get theirs from a variety

of sources including fruit, extrafloral nectaries, honeydew,

and human refuse [39]. Repellent scent marks left by bees

on depleted flowers allow subsequent visitors to discriminate

between visited and unvisited flowers (i.e., each flower

represents a point source). In contrast, a repellent marking

on a non-point source, such as honeydew, would not be

as beneficial for a foraging wasp. Yet, like most bees, wasps

feed on flowers ([39, 40], B. Taylor, pers. obs.). However,

because wasps are restricted by their short glossas to flowers

with short corollas or cup -like morphologies, flowers likely

make up a smaller portion of their diet compared to bees,

and therefore, selective pressure favoring scent marking of

these sources may be weak. The application of attractive scent

marks to clustered food sources, such as concentrations of

honeydew-producing Hemiptera or human refuse, could be

beneficial for wasps. However, fruit and human refuse may
be similar to rotting carrion in that they could be easily

detected by means of their scents alone. Also, the overall

distribution of these resources in the environment near P.

occidentalis nests, though unknown in this study, may select

for an opportunistic foraging strategy. Johnson [56] rea-

soned that environments with an abundance of small

resources and few large, transient resources would select

for opportunism, rather than recruitment and defense of

resources. An opportunistic strategy may also allow foragers

to find resources more quickly [56].

The seemingly anomalous presence of scent marking in

Vespa mandarinia may be explained by this wasp’s unique

food [8, 36] . These hornets attack and overwhelm colonies of

other social wasps and ofhoney bees. It is highly unlikely that

a single hornet would succeed at this, but by coordinating

and attacking en masse they can overcome the strong

defenses of colonies that can contain up to tens of thousands

of individuals. This coordination is facilitated by the scent

marking [35]. For wasps such as P. occidentalis that do not

utilize such well-defended food sources, scent marking may
not be adaptive.

Despite having the machinery for scent-marking swarm
emigration routes, P. occidentalis does not utilize it in the

context of carbohydrate foraging. This suggests that the

benefit-to-cost ratio of the behavior must fall heavily on

the cost side. Unlike nest-based recruitment mechanisms

that remain cryptic to non-nestmates, field-based mecha-

nisms are subject to eavesdropping by non-nestmates and

heterospecifics. Indeed, some foraging stingless bees, honey

bees, and bumble bees use marks by individuals from other

nests and even other species [28, 57]. Thus, the cost of

olfactory eavesdropping may render scent-marking behavior

unprofitable to most wasp species.
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I photographed ultraviolet-excited fluorescence of external resilin on insects in 7 orders, 17 families, and 18 genera collected from

shrubs and trees alongside the Colorado River in western Arizona, USA. The localized blue-fluorescence characteristic of resilin

was emitted by a variety of structures including sutures and wing articulations on Odonata and Diptera and membranous wings,

compound eyes, or ocelli on Hemiptera, Neuroptera, and Hymenoptera. Different widespread, but blotchy, light-blue fluorescence

was observed on cuticles of immature Orthoptera and adult Hemiptera. Insects in Hymenoptera and Coleoptera fluoresced least.

Ranked amounts of fluorescence, relative to body area, were positively correlated with ranked nitrogen contents (%N of body

dry-mass) of insects in genera excluding Hymenoptera. Nitrogen concentrations in insect exoskeletons appear to increase as

abundances of resilin and other fluorescent, elastic proteins increase. These structural compounds may be an important nitrogen

source for insectivorous vertebrates.

1. Introduction

Resilin is a structural protein in insects that fluoresces in

ultraviolet (UV) light. It provides elasticity to the exoskeleton

and was first described, as rubber-like, in the wing hinges

and tendons of dragonflies and locusts [1]. The blue

fluorescence (maximum at 420 nm) of resilin [2] is emitted

by dityrosine and trityrosine, two phenolic amino-acids

within the protein’s chains that cross-link the chains together

[3, 4]. Greatest fluorescence is produced when resilin is

placed in alkaline solution [2] and excited with long-wave

UV light (310-340 nm) [3]. The characteristic fluorescence

of resilin has been used to detect the protein in a variety of

structures on a diversity of insects. Resilin has been found

in wing hinges [2] and legs [5] on cockroaches, abdominal

springs [2] and wings [6] on beetles, jumping-mechanisms

on froghoppers [7] and cicadas [8], wing-vein joints on

damselflies [9], tendons [2] and tarsal joints [10] on blow

flies, stretchable abdomens on honey ants [11], and venom
injectors on honey bees [12]. Resilin may not be the only

compound in insects that fluoresces under UV light. Blue flu-

orescence by the epicuticle of locusts has been noted
[ 13, 14]

,

possibly resulting from aromatic compounds [13] such as

tyrosine-derived cross-links between epicuticular layers
[ 15]

.

Resilin may be associated with insect nitrogen (N) con-

tent. The protein contains a high N concentration, estimated

at 19% [16], and can occur in near-pure concentrations

or combined with other cuticular proteins and chitin [17].

Chitin is a nitrogenous polysaccharide that contains less

N (6.9%) than protein and typically comprises 25-40% of

cuticle dry mass [17]. Resilin is not sclerotized and therefore

easily hydrolyzed [17] and digested by animals. Insectivorous

vertebrates, such as birds, may utilize resilin as an N source.

N mass in a variety of spiders and insects collected in

riparian habitat was related allometrically to body dry-mass,

suggesting that most N resides within the exoskeleton, and

dependent on arthropod order but not family [16]. Spiders

are not known to contain resilin, and abundances of resilin

in insects may vary among orders [2]. My objective here

is to examine external UV-excited fluorescence on riparian



2 Psyche

insects in different families and orders and test if amounts of

fluorescence are associated with body %N contents.

2. Methods

2.1. Collecting Insects. I collected insects during the period

from 3 May to 15 September 2010 on the Colorado

River floodplain within Havasu National Wildlife Refuge in

Mohave County, Arizona, USA. Insects were collected within

or near a 43-ha plot of trees and shrubs (34° 46' N, 114°

31' W; elevation 143 m), planted primarily for insectivorous

birds, 12 km southeast and across the river from Needles,

California. Two impoundments, Topock Marsh (1600 ha)

and Beal Lake (90 ha), straddle the plot. Insects were col-

lected in separate sweepings of Populus fremontii S. Watson,

Salix gooddingii C. Ball, and Salix exigua Nutt. (Salicaceae),

Pluchea sericea (Nutt.) Cov. (Asteraceae), and natural-

ized Tamarix ramosissima Ledeb. (Tamaricaceae) and com-

bined sweepings of Prosopis glandulosa Torrey and Prosopis

pubescens Benth. (Fabaceae). I also captured flying insects

with a Malaise trap. Insects were stored in 70% ethanol.

2.2. Photographing Fluorescence. I examined UV-excited flu-

orescence on insects with digital photography. The alkalinity

of insects was increased to pH 9 by adding 0.25 N NaOH
to the 70% ethanol (4 drops/5 mL). After being treated

overnight, insects were removed from the ethanol and dried

with absorbent paper. I illuminated each insect with a long-

wave UV light-source constructed by replacing the filter on

a UV lamp (Mineralight UVS-12, UVP, Upland, Calif., USA)
with a filter that only transmits 310-390 nm (Hoya U-360,

Edmund Optics no. NT46-442, Barrington, NJ, USA). UV
light was projected at a 45° angle downwards 5 cm onto the

insect and reflected onto the insect’s opposite-side with a UV-
reflective mirror (Edmund Optics no. A45-337). Insects were

photographed with a digital camera (Sony DSC-H1), set for

around 8 sec exposures, against a black background while

illuminated with UV and fluorescent room-lighting. I bal-

anced the blue fluorescence with reflectance ofvisible light by

blocking the room lighting with layers of fine-mesh polyester

netting. I photographed the insect’s entire lateral view, or

its entire dorsal and ventral views if dorsoventrally flattened.

Magnification was increased by attaching a reversed 50 mm
lens for a 35 mm film camera in front of the digital-camera

lens. All insects photographed {n - 47, 1-8 specimens

per genus) were collected during 2010 except for an adult

Tettigoniidae collected at the same locality during 2009 [16]

and kept in 70% ethanol. Color intensity of photographs in

Figures 1-5 was increased with Photo-Paint (Corel, Ottawa,

Ontario, Canada).

2.3. Identifying Insects. Adult insects were identified at

least to genus after being photographed. They were keyed

or compared with identified specimens swept from the

same plants in 2009 [16]. I assumed nymphal Acrididae

to be the same species as an adult Melanoplus herbaceus

Bruner swept from the same arrowweed (P. sericea ) plants,

the grasshopper’s primary host [18]. Voucher insects were

Figure 1: Blue fluorescence in UV light on a nymph (top) and

adult male (bottom) Melanoplus herbaceus (Orthoptera: Acrididae).

Photos not to scale. Color intensity digitally increased.

Figure 2: Blue fluorescence in UV light on dorsum (top) and ven-

trum (bottom) of Brochymena sulcata (Hemiptera: Pentatomidae).

Color intensity digitally increased.

deposited at the Entomology Department insect collection,

University of Arizona, Tucson.

2.4.

Comparing Fluorescence with Nitrogen Content. I com-

pared amounts of fluorescence with estimates of %N in

insects collected during 2009 [16, Table 1]. In this previous

study, N mass in spiders, adult insects, and immature

Acrididae (swept from P. sericea and similar to those in

2010) was measured with Kjeldahl digestion, and %N was

calculated from body dry-mass. Mean estimates of %N in
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Figure 3: Blue fluorescence in UV light on ventrolateral (top)

and dorsal (bottom, anterior at left) views of the thorax of the

dragonfly Pachydiplax longipennis (Odonata: Libellulidae). Color

intensity digitally increased.

insects within the same genera photographed were ranked

across genera. Amounts of fluorescence on insects also were

ranked across genera. One lateral-view photograph, or a pair

of dorsal- and ventral-view photographs, of each genus was

printed that showed fluorescence representative of the other

specimens within the genus. I arranged prints of genera in

ascending order by total area of fluorescence relative to the

insect surface-area photographed. Less importance was given

to fluorescence on membranous wings, as on Cixiidae and

Chrysopidae, due to their thinness and small proportion of

body dry-mass. Association between ranked %N and ranked

relative-area of fluorescence of insects classified by genus was

tested with Spearmans rank correlation [19].

3. Results

Blue fluorescence in UV light was greatest on immature

Acrididae (Orthoptera). Nymphs of M. herbaceus displayed

a grainy, light-blue fluorescence abundantly distributed

over their entire pronotum, lateral thorax, and abdomen
(Figure 1). Blotches of fluorescence also were detected on

their gena, femur, tibia, and tarsus. Less fluorescence was

observed on an adult male M. herbaceus (Figure 1). Deep-

blue fluorescence was apparent on its metasternum, metepis-

ternum, and part of its mesepisternum, while the bases of

its proximal abdominal-sterna also fluoresced. The other

orthopteran examined, an adult female tettigoniid (Scudde

-

riafurcata Brunner), displayed blotchy blue-fluorescence on

its gena and abdomen.

Hemiptera displayed varying amounts of blue fluo-

rescence. Fluorescence was abundant on the pentatomid

Brochymena sulcata Van Duzee (Figure 2). All of its abdomi-

Figure 4: Blue fluorescence in UV light on Acinia picturata

(Diptera: Tephritidae) (top) and Minettia flaveola (Diptera: Laux-

aniidae) (bottom). Color intensity digitally increased.

Figure 5: Blue fluorescence in UV light on Chrysoperla sp. (Neu-

roptera: Chrysopidae) (top), Hippodamia convergens (Coleoptera:

Coccinellidae) (middle), and Dieunomia nevadensis (Hymenoptera:

Halictidae) (bottom). Color intensity digitally increased.

nal sterna produced a mottled, light-blue fluorescence, and

the membrane of each front wing similarly fluoresced in

irregularly shaped patches that were not distinctive in visible

light. Less fluorescence was detected on the specimen of

Reduviidae (Zelus sp.). Its ventral thorax and abdomen fluo-

resced unevenly, whereas on its dorsum the ocelli fluoresced
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strongly and the compound eyes fluoresced weakly. The

compound eyes of the Cixiidae ( Oecleus sp.) also fluoresced

blue, along with the lower margin of the clypeus. Uneven

fluorescence was observed on the medial one-third of its

forewings.

Various structures on Odonata fluoresced blue. Most flu-

orescence on the dragonfly Pachydiplax longipennis Burmeis-

ter (Libellulidae) (Figure 3) was produced by translucent-

white cuticle attached to the axillary and humeral plates [20]

below the base ofeach front and hind wing. The articulations

above the wings similarly fluoresced blue. Broad bands of

whitish cuticle ventrally joining the thorax and abdomen
also fluoresced. Narrow bands of fluorescence were detected

between the front coxa and trochanter, at the bases of the

middle and hind coxae, and at the margins of the abdominal

sterna.

Diptera exhibited intermediate amounts of blue fluo-

rescence. Fluorescence was most evident on the tephritid

Acinia picturata (Snow) (Figure 4). Its haltere was the most

distinctive structure that fluoresced, and fluorescence was

also observed at the articulation below the wing, along the

notopleural and pleural sutures [21], and on sterna at the

base of the abdomen. Fluorescence on Tachinidae (Zaira sp.)

was similarly detected at the articulation below the wing and

along the notopleural and pleural sutures but also at the base

of the front coxa. The lauxaniid Minettia flaveola Coquillett

(Figure 4) fluoresced blue at its wing articulation, along the

notopleural suture, and at the sutures at the base of the front

and middle coxae. The Tabanidae ( Tabanus sp.) showed weak

fluorescence at the base of its wings in dorsal view and on the

prosternal, precoxal bridge [21] in ventral view.

Green lacewings ( Chrysoperla sp. [Neuroptera: Chrysop-

idae]) fluoresced across approximately 25% of their wings

(Figure 5). Fluorescence differed between the two genera of

Coleoptera examined, both in Coccinellidae. Hippodamia

convergens Guerin-Meneville fluoresced strongly on the

mesepimeron and metepimeron (Figure 5), both light-

brown in visible light and in contrast with the dark-brown

ventrum. Weak fluorescence was seen dorsally and ventrally

on its compound eyes and on the lateral margins of its

pronotum. Fluorescence was absent on the lower and upper

surfaces, including the hind wings, of Chilocorus cacti L.

Fluorescence was absent or nearly absent on Hymeno-
ptera. The compound eyes and ocelli fluoresced blue on bees

in Halictidae (Dieunomia nevadensis [Cresson]) (Figure 5),

and a bee in Andrenidae (Perdita sp.) fluoresced along a

short, faint line behind the pronotum and below the pronotal

lobe. Fluorescence was not detected on the Formicidae

(.Formica sp.), Tiphiidae (Myzinum frontalis [Cresson]), or

Vespidae (Polistes sp.) photographed.

Insect genera tended to cluster by order when ranked

%N was plotted against ranked relative-area of fluorescence

(Figure 6). For example, genera in Hymenoptera exhibited

high N-content but near-zero fluorescence, whereas genera

in Hemiptera exhibited intermediate N-content and abun-

dant fluorescence. Ranked correlation between %N and

relative area of fluorescence of insects classified by genus

depended on order. Nitrogen content and fluorescence were

not correlated (r = .02; n = 18; t = .06; P - .95) when

20
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Figure 6: Adult insects ranked and plotted by genera in relation to

mean %N of body dry-mass (in parentheses, from [16, Table 1])

and area of UV-excited fluorescence relative to body surface- area.

First abbreviations are orders: C: Coleoptera; D: Diptera; He:

Hemiptera; Hy: Hymenoptera; N: Neuroptera; Od: Odonata; Or:

Orthoptera. Second abbreviations are families: Ac: Acrididae; An:

Andrenidae; Ch: Chrysopidae; Ci: Cixiidae; Co: Coccinellidae; F:

Formicidae; H: Halictidae; La: Lauxaniidae; Li: Libellulidae; P:

Pentatomidae; R: Reduviidae; Tb: Tabanidae; Tc: Tachinidae; Te:

Tettigoniidae; Ti: Tiphiidae; Tp: Tephritidae; V: Vespidae.

^

Hy, Ti, Myzinum (21.2)

^
Hy, H, Dieunomia (14.1)

^ Hy, V, Polistes (14)

Or, Te, Scudderia (14.6)

Or, Ac, Melanoplus

(nymph) (13.9) m
Od, Li, Pachydiplax (12.3)

(

(

Hy, F, Formica (10.9)

D, Tb, Tabanus (10.9)

C, Co, Chilocorus (9.8)

9 Hy, An, Perdita (9.8)

He, P, Brochymena (11)

He, R, Zelus (10.5)

® He, Ci, Oecleus (10.1)

N, Ch, Chrysoperla (9.1)

D, Tc, Zaira (9.2)

D, La, Minettia (8.1)

C, Co, Hippodamia (6.6)

T
D, Tp, Acinia (5.1)

T

all orders were considered. A positive correlation (r = .65;

n = 13; t = 2.82; P = .017) was detected when Hymenoptera

were excluded. Nitrogen content generally increased as

the relative-area of fluorescence increased in genera of

Coleoptera, Neuroptera, Diptera, Hemiptera, Odonata, and

Orthoptera.

4. Discussion

Two types of UV-excited fluorescence were observed on

insects. One type was a saturated, blue fluorescence that was

localized to specific structures. This was best represented

by fluorescence of the translucent-white cuticle above

and below each wing on the dragonfly P. longipennis. These

structures are the wing-hinge ligaments, comprised of resilin,

identified on Aeshna dragonflies [2]. Similar fluorescence of

resilin in dorsal wing-ligaments was photographed on the

locust Schistocerca gregaria (Forskal) [2, Figure 2]. Localized

blue-fluorescence on the insects I examined likely indicates

resilin. The second type is the abundant but blotchy,

light-blue fluorescence seen on the nymphal grasshopper

M. herbaceus
,
the katydid S. furcata, and the hemipterans

Brochymena and Zelus. Neville [14] similarly described a

cuticular fluorescence on locusts as blue and as brighter

than that of resilin. This type of fluorescence has been

attributed to the epicuticle [13, 14], the thin, outermost layer

of the exoskeleton. A superficial origin of the fluorescence is
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suggested by its blotchiness that was especially apparent on

B. sulcata. This fluorescence was not randomly dispersed,

however, as it was mostly absent on the legs and heads of

M. herbaceus nymphs and limited to the abdominal sterna

on B. sulcata. In addition, it was observed on immature, but

not adult, M. herbaceus. The adult M. herbaceus exhibited

only the localized blue-fluorescence characteristic of resilin,

primarily on its metathorax.

Fluorescence from either resilin or the epicuticle was

positively associated with N contents in insects other than

Hymenoptera. This agrees with the suggestion that epicu-

ticular fluorescence is emitted by tyrosine-derived protein

cross-links [15] similar to those found in resilin. Greater

protein concentration in fluorescent epicuticle, as frequently

found in cuticle containing resilin [17], may enable elasticity.

Expandable abdominal-cuticles on Rhodnius (Hemiptera:

Reduviidae) contain unusually low concentrations of chitin

(11%) [22] resulting in high protein and N concentrations.

Abdominal sterna on predatory B. sulcata also may expand.

Cuticles on M. herbaceus nymphs were more flexible than on

adults, suggesting lower chitin and higher protein contents.

Most incongruous was the lack or near-lack of fluo-

rescence on Hymenoptera despite high N contents. This

may have resulted from several factors. First, the indirect

flight-muscles of wasps and bees would not require the

large, resilin wing-hinges observed on insects with direct

flight-muscles such as grasshoppers and dragonflies [2].

Second, the abdominal cuticles on adult ants, wasps, and

bees likely do not need to stretch, because these insects

typically eat pollen or nectar rather than the large, single

meals eaten by adult predators such as reduviids. The

stretchable abdomens on honey ants are an exception due

to the large quantities of sugar solution they store [11].

Third, the articular membranes [20] between sclerites may
be hidden on Hymenoptera. The strongly fluorescing sutures

on M. flaveola flies, especially at the coxal attachments,

were visible in normal light as pale-colored membranes

between sclerites. Similar membranes were not visible on

Hymenoptera. Instead, the thoracic sclerites appeared to

adjoin. Compositions of hymenopteran exoskeletons also

may differ from those on other orders.

Photographs of UV-excited fluorescence revealed some

unusual structures that appear to contain resilin. One is

the halteres on A. picturata. Halteres provide equilibrium

to flies by oscillating vertically on a hinge with a frequency

determined by contractions of a single muscle and the

haltere’s mechanical resonance [23]. Resilin within halteres

would allow them to bend and rebound at the end of each

stroke. The base of each haltere also contains a campaniform

sensillum [23], a proprioceptor suspected to contain resilin

[24]. Other unusual structures that fluoresced are the ocelli

or compound eyes on the Zelus assassin bug, Oecleus

planthopper, Hippodamia ladybird beetle, and Dieunomia

bee. Resilin in the cuticle covering these structures was first

hypothesized in S. gregaria locusts and suggested to be related

to transparency [2]. Fluorescent dityrosine and trityrosine

were later isolated from compound-eye corneas of the beetle

Photinus pyralis L. [25] and S. gregaria [15]. Also unusual

was the glimmering fluorescence of the membranous wings

on Chrysoperla green lacewings and Oecleus, similar to the

patchy fluorescence ofthe front-wing membranes on Brochy-

mena. Resilin has been detected as small areas of fluorescence

on membranous hind-wings of scarab and coccinellid beetles

[6]. Elasticity in wings was suggested to assist flight and

enable hind wings of beetles to fold under the elytra [6].

I observed fluorescence of membranous wings that do not

fold in Hemiptera and Neuroptera. In these orders, elasticity

may also facilitate wing expansion by teneral adults. Why the

compound eyes, ocelli, and membranous wings of some gen-

era fluoresced while those of others did not remains unclear.

The ranked correlation between fluorescence and %N
of riparian insects has at least two limitations. One, the

low number of taxa examined, especially within orders, may
not be representative of other insects. Two, fluorescence was

subjectively ranked rather than measured and cannot be

used to predict N content. Measuring external fluorescence

relative to insect surface-area would be difficult and unable

to account for cuticle thickness. Different patterns of fluores-

cence among life stages, even in hemimetabolous insects such

as M. herbaceous, or between sexes also would complicate

measurements within species.

Positive association between N content of riparian insects

other than Hymenoptera and UV-excited fluorescence of

cuticular proteins including resilin suggests these com-

pounds are important sources of N for insectivorous verte-

brates. Areas of the exoskeleton with elasticity, indicating lack

of sclerotization and low chitin contents, would provide high

concentrations of digestible N. Variation in concentrations

of resilin and similar digestible proteins in exoskeletons,

especially among orders, may influence prey selection by

insectivorous birds and other wildlife.
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Chemical trails have been shown to act as an orientation cue in some ant species. Here, I report that the trail-laying behaviour

in the nectar-feeding ant, Camponotus rufipes, varies with the concentration of the sucrose solutions collected. Single workers

collected solutions of different sucrose concentrations (5%, 20%, and 40% in weight) during 4 consecutive visits to the resource,

and their trail-marking behaviour was recorded on soot-coated slides during their first and last visits. Results suggest that these

chemical trails provide both an orientation cue between the nest and the food source, as previously suggested for Camponotus ants,

as well as information about food quality.

1. Introduction

The recruitment techniques employed by different ant

species vary considerably and involve the use of mechanical

and chemical signals either singly or in combination [1].

Mass-recruitment communication, in which information

can be transferred from one group of workers to another,

is organized almost exclusively by odour trails, as studied,

for example, in the fire ants genus Solenopsis [2] and in

Atta leaf-cutting ants [3]. For such species, the number of

individuals leaving the nest is controlled by the all-or-none

trail-laying response of the individual workers. Responses

to the quality or quantity of the discovered food source are

modulated by the thresholds of individual foragers, each

of which decide whether or not to reinforce the existing

trail depending on their success upon reaching the source.

In a recent and complete set of studies [4-8], Detrain and

coworkers demonstrated that for the ant, Lasius niger, the

decision of a scout to return to the nest and lay a trail is

governed by an internal response threshold that is based

on the desired volume of solution ingested [4]. The desired

volume is specific to each individual ant and is kept constant

over successive visits to the food source [5]. Thus, the

threshold is modulated by starvation; that is, more starved

foragers have lower trail-laying threshold [6]. Previous stud-

ies found that food distance also modulated the trail-laying

behaviour [7] and that food type, that is, proteinaceous or

sucrose droplets, changed the proportions of individuals that

laid trails but not the individual trail-laying intensity [8].

However, these individual recruitment responses are plastic.

Workers of Solenopsis geminata will increase the continuity

of their pheromone trail with increasing colony starvation,

increasing food quality, and decreasing distance to the

resource [9]. Moreover, trail-laying workers ofAcanthomyops

interjectus [10] and Monomorium pharaonis [11] can modify

the intensity of the trail with respect to food quality.

During food recruitment, workers ofthe ant Camponotus

socius employ multimodal signals, involving a specific motor

display, that is, waggle-movements, and chemical signals

that emanate from the hindgut and the poison gland. The

chemical signals are (1) a short-lived recruitment substance

discharged from the poison gland, that is, formic acid,

which elicits an unequivocal recruitment and trail following

behaviour, and (2) long lasting trails laid with the contents

of the hindgut, consisting of (2S,4R,5S)-2,4-dimethyl-

5-hexanolide and possible 2,3-dihydro-3,5-dihydroxy-6-

methylpyran-4-one, which apparently acts as a chemical

orientation cue between the nest and the discovered food



2 Psyche

source [12-14]. In addition, scout ants of C. pennsylvanicus

also use alerting motor displays to recruit nestmates to

new food sources; colony starvation will intensify these

motor displays, evoking a strong recruitment response

[15]. However, such modulation of individual trail-laying

responses to food profitability has not been investigated

for any Camponotus species. It is conceivable that workers

may be able to respond to changes in food profitability by

varying either their mechanical displays, the amount of trail

pheromone laid, or both.

Contrary to predictions of optimal foraging theory,

Camponotus rufipes (Figure 1 ) returns to the nest with partial

crop loads of sugar solution even at a source with a constant

delivery or flow rate [16]. This early return has the clear

disadvantage of resulting in less nectar being collected, but it

has distinct advantages: reducing the time and energy spent

by the forager at the source. Further studies by Schilman and

Roces [17-19] showed that decreasing foraging time is more

important than increasing individual energetic efficiency.

This may reduce the risk of predation while foraging and any

time saved could be used for increasing information transfer,

for example, by depositing more trail pheromone. Any
subsequent increase of recruitment would increase foraging

efficiency of the whole colony at expenses of reduction

in individual foraging efficiency. Behavioural studies have

shown that C. rufipes workers lay trails with hindgut contents

during recruitment of nestmates to food sources or to

new nest sites (Holldobler, personal communication), with

3,4-dihydro-8-hydroxy-3,7-dimethylisocoumarin being the

most effective trail pheromone component [20].

In this study, I addressed the question ofwhether individ-

ual workers of C. rufipes collecting different concentrations

of sucrose solution show graded trail-laying behaviour. In

addition, the effect of a novel or a familiar food source

on trail-laying response was evaluated by comparing the

behaviour of individual workers during their first and fourth

visits to the source.

2. Materials and Methods

2.1. Insects. A colony of C. rufipes comprised of one queen,

approximately 500 workers, and brood was used for this

study. The founding queen was collected in November 1994

in Misiones, Argentina. The colony was maintained at 25° C,

50% RH, and 12: 12 LD regime (light from 7:30 to 19:30

local time); see
[
16-19] . In nature, colonies of C. rufipes build

semispherical nests made of dry leaves attached together.

Foragers are active throughout the day but show peak activity

at the beginning of the night, both in the laboratory [21],

and in the field [22]. In the Atlantic forest of southeastern

Brazil, C. rufipes was found in almost 90% of the trunks of

8 species of Magnoliophyta analysed, likely attracted to the

presence of extra floral nectaries [23]. It was also the most

common ant species harvesting honeydew from aggregations

of the treehopper Guayaquila xiphias on inflorescences [22].

Many social insects will collect and store food, when
available, for times of resource dearth. Ant colonies of C.

rufipes differ from other social insects such as honeybees,

in that they store nectar internally in workers’ crops. This

Figure 1: Worker of the nectar-feeding ant Camponotus rufipes,

walking on a wooden stick to collect sugar solution from an

artificial feeder. The ant was marked with yellow powder to allow

for individual recognition (photograph by Helga Heilmann).

suggests that, for C. rufipes, individual foraging behaviour

including trail-laying may be affected by their level of

starvation or crop loading. To avoid changes in trail-

laying responses, the physiological state of the colony was

standardized following [16, 17]. Briefly, the colony was fed

sugar solution ad libitum for 3 or 4 hours or after all

workers exhibited fully expanded gasters after feeding. Ants

were provided access to cockroaches and water ad libitum,

but were deprived of sugar solution for 3-7 days prior to

measurements. Under these conditions, C. rufipes colonies

can survive at least 14 days ofsugar deprivation (unpublished

data), indicating that a period of 3-7 days does not constitute

severe starvation because of the presence of crop reserves. In

addition, I used a single colony to control for potential inter-

colony differences in nutritional state, colony age, and/or

size; these factors may affect the behavioural responses

under investigation and are quite difficult to standardize for

different colonies. Thus, the number of workers, rather than

the number of colonies, was used as sample size for statistical

analyses.

2.2. Experimental Device and Food Sources. The experimen-

tal apparatus consisted of a C. rufipes colony kept in a

plaster nest inside an open-top Plexiglas container (37 X

57 cm and 27 cm high) with fluon-coated walls to prevent

escape. A vertical wooden stick extended out ofthe container

and could be connected to the food source via two mobile

wooden bridges, one 50 cm and the other 10 cm long

(Figure 2). A soot-coated slide ( ca

.

56 X 26 X 1 mm) was

placed on the bridge (ca. 10 cm from the food source) while

the worker was collecting the solution; so the marks left on

the soot-coated glass allow direct observation of the trail-

laying behaviour and pheromone deposition [9-11]. The

entire experimental device was mounted on a vibration-

buffered table (Figure 2).

The food source on the bridge consisted of a 1 mL droplet

of sugar solution. Knowing that C. rufipes foragers of similar

size have maximum crop loads of about 6-7 pL [16], a 1 mL
droplet of sugar solution is an ad libitum source. In inde-

pendent assays, solutions of three different concentrations
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Figure 2: Schematic diagram of the experimental apparatus.

of sucrose (Sigma-Aldrich; Deisenhofen, Germany) were

used. The concentrations were 5%, 20%, and 40% weight

in weight (w/w). Solutions were prepared the morning of

the experiment to prevent any change of concentration by

evaporation, contamination, or fungal growth that would

affect the food quality.

2.3. Experimental Procedure. Experiments were carried out

in March 2000 at the Department of Zoology II of the

Theodor Boveri Institute of the University of Wuerzburg,

Germany.

Each assay began by connecting the laboratory nest to

the food source (Figure 2). Ants in the nest spontaneously

explored the whole nest including the vertical wooden stick

located inside it. To allow only one ant at a time to cross

onto the bridge and go to the food source, I placed the

small bridge close to the vertical stick until one ant passed

onto it. Then, I moved the small bridge carrying the focal

ant into contact with the 50 cm long wooden bridge, thus,

allowing the ant to reach the food source. To quantify

trail-laying, a soot-coated slide was placed on the bridge

while the worker was collecting the sucrose solution, so

that chemical trails were laid on the slide upon the ant’s

return to the nest [9-1 1 ] . When the ant had passed the soot-

coated slide on its way over the bridge, I gently marked it

with coloured powder (yellow pigment from Lukas-Farbe,

Wuerzburg, Germany; see Figure 1). Upon arrival at the nest,

the marked worker was allowed to enter and to unload the

collected fluid via trophallaxis with nestmates. Immediately

after unloading, which took about 1 minute, the marked

ant searched for the bridge to return to the food source

and was therefore free to decide when to cross the bridge

and to visit the food source again. Each individual ant was

followed for four consecutive visits to the food source and

the trail-laying behaviour recorded when coming back to

nest during the first and fourth visits. At the beginning of

the fifth visit, the unloaded worker was caged before feeding

and weighed to the nearest 0.01 mg (Ohaus Model AS60;

Karlsruhe, Germany) and discarded.

2.4. Data Analyses and Statistics. At the end of the consec-

utive visits to the food source by one ant, the two soot-

coated slides (from first and fourth visits) were directly

observed and the marks left by the ant categorized as (1)

only footprints, (2) hair marks, and (3) gaster-tip marks. The

latter were always combined with hair marks and in all cases

footprints were present. Afterwards, the whole slides as well

as close up of the marks were recorded with video camera

(Panasonic F15) with a zoom lens 18-108/2.5 connected to

a VCR (Panasonic AG 7355). Few examples were digitalized

with Screen Machine II and Unimark software and graphic

card (Fast Electronics GMbH, Miinchen, Germany).

A total of 37 different ants and 71 trails were analysed,

12 ants (23 trails) for 5%, 13 ants (25 trails) for 20%, and

12 ants (23 trails) for 40% sugar solution treatments. Three

trails were missing from analysis: two fourth visits from 5

and 20% treatment were missing because the ants lost their

mark before the fourth visit and were impossible to identify.

The third missing trail was the first visit from an ant of 40%
treatment where the soot of the slide was damaged prior to

analysis of the marks. Each day, data from all treatments were

taken, excluding the possibility of a daily variation of any

other parameter different from the nectar concentration. For

statistical analysis, the G-test of Independence was used to

analyse the frequency of different marks left by ants collecting

sucrose solution of different concentration, that is, 5, 20, and

40%. The G-test was performed in Microsoft Excel based on

formulas from Box 17.8, page 738 from [24]. McNemar’s

Paired Test was used to compare differences between the

marks left by the ants in the first versus fourth visits. Because

the data of the ant mass met the requirements for parametric

analyses, that is, normal distribution and homoscedasticity,

ANOVA was used to compare ant mass across treatment [24]

.

3. Results and Discussion

Tike most ant species, C. rufipes lays chemical trails for

recruitment and orientation during foraging. This deposi-

tion is a conspicuous behaviour occurring when foragers run

back to the nest bending their gaster downward and dragging

the tip along the ground. Single workers left three different

types of marks (Figure 3(a)), instead of four as reported for

Solenopsis geminata (i.e., only footprints, hair, combined,

and sting marks) [9]. Since C. rufipes does not sting, I

found only footprints, hair combined with footprints, and

gaster-tip marks combined with hair marks and footprints.

Significant variation of the trail-laying according to food

quality was observed (Figure 3(b), G-test of Independence,

G(4 )
= 14.1836614, P = .0067). The proportion of workers

laying a trail increased with sucrose concentration. For the

40% treatment, all workers were observed to lay either hair

or gaster-tip marks (Figure 3(b)). Such increased proportion

of hair or gaster-tip marks with higher concentration of

the solution indicates changing intensity in the pressure

of the gaster tip against the substrate. These results show

that workers of the ant C. rufipes modify their trail-laying

behaviour according to the richness of the food source,

suggesting a control ofrecruitment responses to food quality.

Similarly, in Pharaoh’s ant (.Monomorium pharaonis ), the

frequency of individuals marking with high intensity is

significantly greater with a high-quality food source [11].

For C. rufipes, the differences in trail-laying responses only

depended on the richness of the food source because (1)

data of all treatments were taken each day and at different

times of day, thus, excluding the possibility of bias due to

daily variation, and (2) the body mass of the foragers was
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Figure 3: (a) Examples of the different marks left by C. rufipes ants: (I) only footprints, (II) hair marks, and (III) gaster-tip combined with

hair marks; (b) number ofmarks left by the foragers after the first and fourth visits to the bait for 5%, 20%, and 40% sucrose concentrations.

similar across treatments (ANOVA test, F(2 ,33 )
= 0.2652, NS,

range between 8.046 and 13.992 mg). However, Jaffe and

Sanchez [21] showed no change in recruitment rates and

total number of recruited C. rufipes workers as a function

of colony starvation and food quality, suggesting that no

modulation of recruitment was occurring. The discrepancy

between the findings of this and a previous study [21] could

be explained by the fact that I did not measure recruitment

responses in nestmates, or by the great variability reported by

Jaffe and Sanchez in their study.

About how trail-laying ants respond to a novel versus a

familiar food source, I analysed the dynamics of individual

trail-laying behaviour by comparing the first and fourth visits

to the food source. In another Formicine ant, Lasius niger,

it is known that the number of marks laid per passage per

forager decreases with time [25]. However this decline seems

unlikely to occur in Pharaoh’s ant, whose trails are essential

for their orientation [11]. For C. rufipes, I did not detect

significant differences in the trail-laying behaviour between

the first and the fourth visits to the source for any sugar

concentrations (McNemar’s Paired Test, NS). This suggests

that the marking frequency did not change as foraging bouts

progress. Thus, the two visits (1st and 4th) were pooled in

Figure 3(b); for statistical analysis, the mean of the two visits

was used to avoid pseudoreplication [26]. However, these

results cannot completely exclude the possibility that this

variation could occur under other conditions. First, a new
soot slice without any trail mark was used for each new
visit; so the ant did not find any scent odour on that part of

the bridge. Second, while the trail-laying behaviour should

stimulate trail following in nestmates, the experimental

design used (open loop) did not allow the forager to recruit

nestmates to the food source, regardless of the behavioural

trail-laying response ofthe worker. Therefore, the worker did

not experience any feedback from nestmates on the bridge or

at the resource. Third, if there is any decay in the trail-laying

response with successive visits to the food source, it may be

possible that more than four visits are required to observe it.

I can conclude that, at least for C. rufipes, the trail-

laying behaviour is not an all-or-none response but a graded

response to the richness of the food source. Similar changes

in individual marking were found in S. germinata [9] and

M. pharaonis [11]; this suggests that the individual response

to food is key to modulating trail strength in these three

species, which contrasts with the all or none response of L.

niger. Assuming that C. rufipes uses the trail pheromone as a

communication channel and not solely as an orientation cue,

these results indicate that trail pheromone would provide
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information about the profitability of the food source to

recruited workers.

Finally, it is noteworthy that Camponotus ants, which use

a waggle display as a graded signal to enhance trail following

[13], may also use the chemical trail as a graded signal,

showing that recruitment control in ant communication is

more complex than it was thought.
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The microsculpture on the inside surface of the ovipositor of the relic silverfish Tricholepidion gertschi (Wygodzinsky, 1961)

(Insecta: Zygentoma) was studied with scanning electronic microscopy for the first time. Both the first and second valvulae of

T. gertschi bear rather diverse sculptural elements: (1) microtrichia of various shapes and directed distally, (2) longitudinal ridges,

(3) smooth regions, and (4) scattered dome-shaped sensilla. As in several other insects, the distally directed microtrichia most likely

facilitate unidirectional movement of the egg during egg laying. Involvement of the ovipositor internal microsculpture also in the

uptake ofmale genital products is tentatively suggested. From a phylogenetic point ofview, the presence of internal microsculpture

appears an ancestral peculiarity of the insect ovipositor.

1. Introduction

The “living fossil” Tricholepidion gertschi Wygodzinsky, 1961,

is the sole extant member of the silverfish family Lepi-

dotrichidae, which inhabits small isolated regions of coastal

redwood forests in southern Oregon and northern Cali-

fornia [1]. It has been formally placed in the insect order

Zygentoma by the author of the first description. However,

the phylogenetic position of T. gertschi has been subject to

debate because of a unique combination of plesiomorphic

and apomorphic morphological characters in this species. T.

gertschi has often been recognized either as a sister group

of the Dicondylia (the Zygentoma plus the Pterygota) (e.g.,

[2-4]), as the basal-most group of Zygentoma (e.g., [5, 6]),

or as a close relative of certain zygentoma subgroups (e.g.,

Nicoletiidae by [7, 8]; see also review in [9]). Molecular

evidences have not fully resolved the phylogenetic position of

T. gertschi (see
[ 10], but also see the results and discussion by

[11]). Thus, the relationships of T. gertschi (and, therefore, of

the whole family Lepidotrichidae) within the basal hexapod

lineages constitute one ofthe most debated issues in hexapod

phylogeny. Moreover,
“
Tricholepidion is the most promising

candidate for a new insect “order” (or, in other words,

the only insect species whose ordinal classification remains

uncertain)” [12, Page 220].

The ovipositor that comprises gonapophyses of the 8th

and 9th abdominal segments is considered a synapomorphy

of the Insecta (e.g., [14]). The winged insects, the Pterygota,

use their ovipositors mainly for transporting the eggs outside

the body and placing these within or onto oviposition

substrates. Microsculpture ofthe internal walls of the ovipos-

itor is almost ubiquitous among insects, and it is thought

to facilitate the movement of eggs along the ovipositor

[15]. Ovipositor internal microsculpture has been recorded

so far in the Odonata, Hemiptera, Orthoptera, aquatic

Coleoptera, Hymenoptera, and Raphidioptera (see [13, 15-

20] and references therein). The morphology of cuticular

microtrichia inside the ovipositor has been studied most

precisely in several wasps; in fact, it has been suggested to be

a source of phylogenetically informative characters at several

levels within the Hymenoptera (e.g., [21-30]). Nevertheless,

ovipositor internal microsculpture still remains practically

undescribed in more basal, and evolutionarily more intrigu-

ing, hexapod orders, the Microcoryphia and the Zygentoma.

This study was performed as the initial stage of a wider

study of ovipositor internal microsculpture in apterygotous
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Figure 1: General organization of microsculpture on the inner surface of the ovipositor in the silverfish, Tricholepidion gertschi, diagram -

matically. Rectangles indicate relative locations of the SEM micrographs given in the next figures (except Figures 2(d), 3(c), 3(d), and 4(a)).

Black dots indicate the ovipositor parts with dome-shaped sensilla. GA8 and GA9: the gonapophyses of 8th and 9th segments, respectively.

insects. Its aim was to describe the microsculpture of the

ovipositor inside surface in the relict silverfish T. gertschi and

to discuss it from functional and phylogenetic standpoints.

2. Materials and Methods

One female of Tricholepidion gertschi was collected in the

Heath and Marjorie Angelo Coast Range Reserve (Northern

California, USA) into 100% ethanol by Markus Koch (Freie

Universitat Berlin, Germany). In order to be used for scan-

ning electron microscopy (SEM), the female postabdomen

was washed in water, dissected, and then macerated for 10-

12 h at room temperature in 10% KOH. The macerated

cuticular parts were thoroughly washed in distilled water,

dehydrated in graded ethanol series and acetone, dried at the

critical point (OM CPD 7501), mounted onto a stub, coated

with gold-palladium (OM-SC7640), and examined with a

Zeiss EVO-50 SEM (Museum of Zoology, Natural History

Senckenberg Collections Dresden, Germany). To study the

underside of sensilla, the ovipositor valves were afterwards

lanced with a small insect pin, sputtered with metal for the

second time, and again examined under the SEM.

3. Results

The proper ovipositor of T. gertschi is conspicuously com-

pressed laterally, blade-shaped; it comprises two pairs of

valvulae, gonapophyses of the 8th abdominal segment (ven-

tral valvulae) and gonapophyses of the 9th segment (dorsal

valvulae) (Figure 1). All gonapophyses are free at their bases

and not fused into pairs. The 8th gonapophysis and 9th

gonapophysis at each body side are connected with a groove -

and-tongue articulation (the olistheter), so that they can slide

along each other. The ventral, groove-like component of the

olistheter (the aulax) is located on the dorsal margin of the

8th gonapophysis (Figures 2(b)-2(d)). The dorsal, tongue-

like component of the olistheter (the rhachis) is situated

on the ventral edge of the 9th gonapophysis (Figures 3(a),

3(c), and 3(d)). The apical part of each valvula is spear-

shaped and pointed. Most of the surface (both external

and internal) of each gonapophysis is sculptured with a

metameric, annulated pattern of transverse fields.

In the middle part of the 8th gonapophysis each such

field consists of an oblique dorsal part and a straight

ventral part (Figure 2(a)). The dorsal part bears parallel

longitudinal ridges, 4 to 8 pm apart, in its anterior half,

and distally directed microtrichia up to 4 pm in length in

its posterior half (Figures 2(b) and 2(c)). The ventral part

of the field is smooth. Towards the tip of the ovipositor,

the smooth ventral parts expand progressively, while the

dorsal sculptured parts progressively shrink (Figure 1). The

apical broadening of the 8th gonapophysis is sculptured

with entirely smooth fields (Figures 1, 4(a), and 4(b)).

The narrow dorsal stripe immediately bordering the aulax

lacks any trace of transverse annulation and bears distally

directed microtrichia (Figures 2(b) and 4(b)). The basal-

most region of the 8th gonapophysis is covered with spine-

bearing scales and dome-shaped sensilla (7.5-10 pm apart)

(Figure 2). Some sensilla are also scattered between distally

directed microtrichia throughout the entire length of the

8th gonapophysis (Figure 2(b)). The ventral-most portion

of each transverse field bears one or two oblique wrinkles,

running in the dorsoanterior-to-ventroposterior direction

throughout most of the length of the 8th gonapophysis

(Figure 2(a)); near its apex the wrinkles reverse their di-

rection or run parallel to its ventral edge (Figures 2(a) and

4(a)).

The internal surface of the 9th gonapophysis is also dis-

tinctly and diversely sculptured (Figure 1). The basal-most

region bears distally oriented squamous microsculpture with

scattered sensilla (placed ca. 8-11 pm apart) and lacks any

trace of transverse annulations (Figure 2(f)). The rest of

the inner surface is sculptured with transverse fields, which

are more distinct in its dorsal half. The microsculpture

here comprises longitudinally directed parallel ridges and

wrinkles, placed ca. 5.5-7pm apart (Figures 3(a) and 3(b)).

The ventral half of the valvula bears spineless squamous

scales, gradually replaced more ventrally and apically with

spine-bearing scales and then with dense microtrichia ca.

2-2.5 pm in length; dome-shaped sensilla (placed 15-30 pm
apart) are scattered among the scales (Figures 3(b) and 3(c)).

The apical-most microsculpture is represented by sharply

outlined tablet-like smooth fields and, more ventrally, with

relatively sparse short spines ca. 1-1.5 pm in length (Figures



Psyche 3

(e) (f)

Figure 2: SEM micrographs of the inside surface of the gonapophyses in Tricholepidion gertschi : (a) middle part of the 8th gonapophysis;

(b) dorsal margin of the 8th gonapophysis showing microtrichia, sensilla, and longitudinal ridges; (c) one transverse sculptured field of

the 8th gonapophysis; (d) aulax; (e) basal part of the 8th gonapophysis with spine-bearing scales and sensilla; (f) basal part of the 9th

gonapophysis with squamous microsculpture and sensilla (one sensillum is enlarged in inset). Arrowheads indicate uniform dome-shaped

sensilla, externally identical to the campaniform sensilla with a central moulting pore on the ovipositor of the glassy-winged sharpshooter,

Homalodisca coagulata [13, Figure 4] . Arrows indicate ventral corrugations of the 8th gonapophysis. GA8 and GA9: the gonapophyses of 8th

and 9th segments, respectively, d and v: distal and ventral directions, respectively.
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(c) (d)

Figure 3: SEM micrographs of the inside surface of the 9th gonapophysis of Tricholepidion gertschi: (a) transverse sculptured field in the

middle part of the gonapophysis, with longitudinal ridges and wrinkles dorsally and squamous microsculpture ventrally; (b) transverse

sculptured field in the subapical part of the gonapophysis, with longitudinal ridges and wrinkles, ventrally replaced by spine-bearing scales

and microtrichia; (c) fragment of the integument turned inside out to show the density of dome-shaped sensilla (underside surface of the

sensillum is enlarged in inset); (d) rhachis. Arrowheads indicate dome-shaped sensilla. GA9, the gonapophyses of the 9th segment, d and v:

distal and ventral directions, respectively.

4(c) and 4(d)). The rhachis is slightly corrugated in both

longitudinal and transverse directions (Figure 3(d)). All the

dome-shaped sensilla are uniform (ca. 2.0 pm long, 1.7 pm
wide), with a central pore or depression.

4. Discussion

The well-developed ovipositor of insects mostly functions as

a penetration organ adapted to egg laying into the ovipo-

sition substrate. The primitive oviposition of insects is pre-

sumed to be endosubstratic egg deposition [31] (cryptozoic

oviposition, following Hintons terminology [32]), when the

ovipositor places the egg into a preexisting hole or fissure in

a substrate without cutting the latter [33] . More typically, the

insect penetrates plant tissues with its ovipositor, which often

possesses specialized structures like denticles or serrations,

and then places the egg into the resulting slit (endophytic

oviposition, after [32] ). As an exceptional case, the insect can

use its well-developed ovipositor for egg deposition onto the

surface of a plant or another exposed substrate (exophytic

oviposition, after [32]; see examples below). In all cases the

egg is moving along the ovipositor’s inner walls, which form

the egg canal.

The egg canal is typically furnished with microsculpture

and can bear sensilla (see review in [15]). Egg canal

microsculpture varies in shape and arrangement among
studied insect groups. Austin and Browning [15] have dis-

cussed possible correlations between the shape of the ovipos-

itor microsculpture and the egg-laying behaviour of some

insect groups, focusing mainly on the mechanical properties

ofthe oviposition substrate. Since the microtrichia are always

directed distally, several authors suggested their importance

for the unidirectional movement of the egg along the

ovipositor [15, 19, 34-37]). Direct mechanical manipulation

of anaesthetized crickets has provided strong evidence for

this hypothesis [15].

Very little is known about how the Microcoryphia and

Zygentoma lay eggs in nature. A few direct observations
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(c) (d)

Figure 4: SEM micrographs of the inside surface of gonapophyseal apices in Tricholepidion gertschi: (a) distal part of the 8th gonapophysis

(inset is enlarged in (b)); (b) dorsal margin of the 8th gonapophysis showing smooth tablet-like fields and short microtrichia above; (c)

apical part of the 9th gonapophysis with tablet-like fields and short microtrichia below; (d) subapical part of the 9th gonapophysis showing

smooth tablet-like fields. Arrowheads indicate dome-shaped sensilla. Arrows indicate ventral corrugations ofthe 8th gonapophysis. GA8 and

GA9: the gonapophyses of 8th and 9th segments, respectively, d and v: distal and ventral directions, respectively.

focused mainly on the Microcoryphia: their relatively large

eggs (over 1 mm in diameter) were always deposited without

cutting of the substrate into preexisting fissures and depres-

sions of rocks and stones (=endosubstratic oviposition)

or rarely onto plants and wood (=exophytic oviposition)

[38]. Representatives of the genus Machilis (Microcoryphia,

Machilidae) have been observed to clean and enlarge suitable

depressions in oviposition substrata with the ovipositor [38-

40]). Current knowledge of the oviposition behaviour in

Zygentoma derives almost entirely from laboratory cultures

of anthropophilic Thermobia domestica Packard, Lepisma

saccharina L., and several species of the genus Ctenolepisma

(Zygentoma, Lepismatidae). The eggs of these species are

typically laid, in batches or singly, onto the substrate surface

or into highly porous substrate like cotton [41, 42]. Nicoletia

phytophila Gervais (Zygentoma, Nicoletiidae), a cosmopoli-

tan species that inhabits greenhouses and often reproduces

parthenogenetically, laid the eggs free and unattached to the

substrate. This is remarkable because the Lepismatidae are

known to attach their eggs to the substrate [43]. However,

the egg-laying behaviour of Tricholepidion gertschi has never

been observed. The highly sclerotized and strongly laterally

compressed valvulae of this species led Wygodzinsky [1]

to suggest that the females may oviposit into decaying

wooden tissues, abundant in the habitats of T. gertschi.

This assumption receives new morphological support from

my results. Specifically, the dome-shaped sensilla within

the egg canal of T. gertschi are superficially identical to

the campaniform sensilla with a central molting pore,

of a presumed mechanosensory function, found on the

ovipositor inner surface of the glassy-winged sharpshooter,

Homalodisca coagulata (see [19, Figure 4]). The presence

of numerous such campaniform sensilla indicates that the

ovipositor may be subject to considerable mechanical stress

during penetration of a relatively dense substrate.

The internal surface of the egg canal in T. gertschi

reveals surprisingly diverse microsculpture. Following the

assumption by Austin and Browning [15], mentioned above,

scales and microtrichia oriented in the distal direction may
facilitate one-way movement of eggs within the ovipositor of

T. gertschi. Similar sculptures have been frequently recorded

within egg canals of various insect groups (e.g., in the

snakefly Raphidia spp. by [16]; in several orthopterans and

hymenopterans by [15]). Longitudinal ridges occur much



6 Psyche

more rarely (e.g., on the ovipositor valves of the caddisfly

Philanisus plebeius (Trichoptera: Philanisidae), after [15]).

Besides T. gertschi, a microsculptured rhachis (the dorsal

component of the olistheter interlocking mechanism) has

been described in several insects (e.g., in the honeybee,

Apis mellifera L. (Hymenoptera, Apidae) by [44]; in the

digger wasp Bembix rostrata (Fabricius) (Hymenoptera,

Crabronidae) by [45]; in the damselfly Lestes macrostigma

(Eversmann) (Odonata, Lestidae) by [20]). It most likely

serves to prevent adhesion between the sliding ovipositor

valves by reducing their area of contact. The presence

of ravioli-like wrinkles along the ventral edge of the

8th gonapophysis is also remarkable. Morphologically and

topographically similar structures have been recorded in

dragonflies [20, 46, 47]. Those structures are placed slightly

asymmetrically between the left and right 8th gonapophyses,

probably forming a device which locks the valvulae together.

It remains unclear whether the ventral corrugations of the

8th gonapophyses in T. gertschi function in a similar way.

Reproductive behaviour of apterygotous insects is char-

acterized by several primitive features. Unlike the absolute

majority ofwinged insects, representatives of Microcoryphia

and Zygentoma studied in this regard have never been

observed in a true act of copulation, exhibiting instead indi-

rect sperm transfer (see review in [38]). The male produces

a sperm droplet or a spermatophore and leaves it generally

on carrier threads or on the substrate. Then the female has

to gather the male products with her ovipositor. Thus, the

ovipositor of apterygotous insects seems to have additional

functions oftaking up the male genital products and possibly

also of searching for and identifying these. Specifically, a male

T. gertschi produces secretory threads, on which a roundish

spermatophore, ca. 1 mm in diameter, will be deposited [48]

.

Then the female bends her abdomen ventrad and takes up

the entire spermatophore by means of her ovipositor. The

mechanism of absorbing male genital products by the female

ovipositor remains obscure. Possibly the sperm flows in

under the action of capillary forces acting within the thin

gap of the opened ovipositor. If this is so, the ovipositor

internal microsculpture (especially the longitudinal wrinkles

and ridges) may facilitate the capillary flow of sperm by

serving as “slide rails” directing it to the sperm storage

organs.

Apart from this work, there currently exist only two

records of egg canal microsculpture in apterygotous insects.

Distally directed microtrichia have been discovered on the

inner surface of the 8th gonapophysis in two microcoryphi-

ans, Petrobius brevistylus [38] and Petrobiellus tokunagae

[49]. In the latter case, unusually large (ca. 40-50pm long)

rod-shaped “microtrichia” differed notably from microstruc-

tures recorded in other insects, including T. gertschi. In the

absence of more detailed studies, it is not possible to prove

the function of egg canal microstructures in apterygotous

insects or explain their observed morphological variation.

TEM examination, biomechanical and electrophysiological

studies are needed to verify the hypothesized functions

of both the microsculpture and sensilla. Additional live

observations of ovipositors in action, accompanied with

detailed morphological descriptions, are also essential. The

presence of microsculpture inside the insect ovipositor

should be tentatively considered an ancestral character state,

but the homologies of ovipositor microstructures within and

between different insect groups remain to be studied.
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The discovery of numerous Pyramica ohioensis and P. rostrata colonies living in acorns, as well as the efficient recovery of colonies

from artificial nests placed in suitable habitats, opens a new stage in the study of North American dacetine ants. Here we present

detailed information, based on 42 nest collections, on the colony structure of these two species. P. ohioensis colonies are smaller

than those of P. rostrata. Both species are polygynous, but nests of P. ohioensis contain fewer dealate queens than those of P.

rostrata. This is the first report of multiple collections of Pyramica colonies nesting in fallen acorns, and of the use of artificial

nesting cavities to sample for dacetines in the soil and leaf litter. We describe an artificial cavity nest design that may prove useful

in future investigations.

1. Introduction

The ants of the genus Pyramica are distributed worldwide

and are diverse and abundant in both warm temperate and

tropical forest communities (Bolton lists 350 valid species)

[ 1] . In the United States, Pyramica is represented by 32 native

species and 9 introduced species [2-5]. Two additional

undescribed species from the Southwest have been discov-

ered recently (Cover and Alpert, [6]). Pyramica species are

widely known as specialist predators ofCollembola [3, 7-16],

however, little is known about other aspects of their biology.

These diminutive, cryptobiotic ants forage in leaf litter and

rotten wood and are most frequently collected by litter

sifting, Berlese funnel extraction, or Winkler samples. Col-

lections of colonies are comparatively infrequent and thus

our understanding ofPyramica colony demographics and life

histories is limited.

This study began as a trial of the use of artificial nests

to sample soil and leaf litter ants in a Maryland oak-hickory

forest. Sets of artificial nests designed to evaluate preferences

for cavity volume and diameter of the nest entrance were

placed at the study site in the spring and retrieved at

the end of the summer. Although a variety of ant species

colonized the artificial nests, the most interesting result was

the recovery of several colonies of dacetine ants belonging to

the genus Pyramica. Based on this finding, it was assumed

that Pyramica was nesting in natural preformed cavities in

the same general area where the artificial nests were placed.

Pyramica ohioensis and P. rostrata were eventually discovered

colonizing acorns. Once the appropriate conditions were

recognized, several Pyramica colonies were consistently re-

covered on each collecting trip.

Pyramica ohioensis (Kennedy & Schramm) (Figure 1) can

be recognized by a combination of unique characters includ-

ing J-shaped hairs on the lateral clypeal margin pointing pos-

teriorly, absence of a gap between the basal lamella and the

first basal tooth. All curved hairs on the ventral margin ofthe

scape are pointing toward the apex. State records: Alabama,

Arkansas, Delaware, District of Columbia, Florida, Georgia,

Illinois, Indiana, Kansas, Kentucky, Louisiana, Maryland,

Missouri, New Jersey, North Carolina, Ohio, Oklahoma,

Tennessee, Texas, and Virginia.
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Figure 1: Pyramica ohioensis. Figure 2: Pyramica rostrata.

Pyramica rostrata (Emery) (Figures 2 and 6) can be rec-

ognized by a combination of characters including J-shaped

hairs on the lateral clypeal margin pointing anteriorly, having

a small gap between the basal lamella and the first basal

tooth, and curved hairs on the ventral margin of the scape

pointing toward the base. State records: Alabama, Arkansas,

District of Columbia, Florida, Georgia, Illinois, Indiana,

Kentucky, Fouisiana, Maryland, Mississippi, Missouri, New
lersey, North Carolina, Ohio, Pennsylvania, South Carolina,

Tennessee, Texas, and Virginia.

This is the first report of multiple collections ofPyramica

colonies in acorns. Although hollowed-out stems have been

used in other studies in the tropics, we believe that our ar-

tificial nests also represent the first application of artificial

nesting cavities to sample Pyramica species. We describe a

design of artificial nests that may prove useful in future in-

vestigations of species of ants which form small colonies.

2. Materials and Methods

2.1. Artificial Nest Design. Each artificial nest consisted of

three pieces of pine (Figure 3), 5.0 cm X 3.4 cm X 0.5 cm.

The middle insert had two holes (diameters 0.63 cm and

1.26 cm, 0.2 cm from each edge) drilled through it to create

nesting cavities. Entrance holes of different diameters were

drilled into each cavity from the side: 1 .56 mm, 1 .95 mm, and

2.35 mm. Glass cover slips were glued over the top and bot-

tom of each cavity to facilitate inspection of the artificial nest

and to retain inhabitants when the nests were retrieved and

opened. The layers were tied together with monofilament

fish line. Each trap was given an accession number which

identified the diameter of the cavity, the diameter of the en-

trance hole, and the trap number.

2.2. Artificial Nest Placement. The ant nests were randomly

placed at the study site in groups of five (referred to as a trap

line). Traps varied by cavity volume and/or entrance diame-

ter. Each trap was attached to a 3-5 m piece of monofilament

Figure 3: Artificial Nest: middle section with top and bottom pieces

underneath.

and spaced evenly. Each trap and trap line was buried in the

leaf litter.

2.3. Study Site. The artificial nests were placed in the woods

associated with the Croydon Creek Nature Center, Rockville,

Montgomery County, Maryland. The GPS coordinates are

39°05 / 23" N; 77°07'42"W. The woods are dominated by

multiple species of oak, hickory, beech, maple, and tulip.

Deep ravines cut through the woods.

2.4. Retrieval ofArtificial Nests. Each trap was placed individ-

ually into a resealable plastic bag. The nests were refrigerated

at 3°C until they were processed.

Each cavity was then inspected for the presence of ants or

other organisms. If the trap cavity contained an ant colony,

the entrance hole was plugged and later inspected with a

dissecting microscope.

Each ant colony was placed in 70% ethyl alcohol. Much
care was taken to remove all larvae, pupae, and adult ants

from the nesting cavity. Ant material was placed in two dram
screw cap vials with poly-seal lids. Each sample was labeled
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with the appropriate collection information and accession

number.

2.5. Acorn Collection. After it was discovered that multiple

Pyramica colonies occupied the trap nests, a concerted effort

was made to find natural colonies. In the same woods where

the trap lines were placed, within 0.25 of a mile, a colony of

Pyramica was discovered in a decomposing acorn. As work

proceeded, Pyramica colonies were recovered repeatedly

from acorns.

When acorns were found on the ground, the top leaf litter

was brushed aside exposing the organic horizon. Acorns that

had entrance holes and that were embedded in the top of

the organic soil horizon proved to be the best candidates for

finding Pyramica colonies. Acorns that were in an advanced

stage of decomposition were ideal. In order to locate these

acorns, the top layer of soil was disrupted by running

fingers over it in a claw-like motion. Many times, acorns

were dislodged that were not otherwise visible. Acorns were

cracked open but not split into two disconnected halves.

Colonies of of Temnothorax were easy to detect. Sometimes

the clumped, white larvae were seen first or frequently the

workers would rush out of the acorn when disturbed. If the

acorn contained a Ponera colony and if the light-tan-colored

pupae were present, they were the first objects observed.

Often it was possible to observe the shiny appearance of

disturbed workers scurrying around. If an acorn was split

open and contained a Pyramica colony, the workers remained

motionless. The open acorns would have to be held in direct

sunlight to see the cryptic slow moving Pyramica workers.

Secondly, larvae were uniformly spread around the cavity

and were very small so that they were not noticeable except

under a microscope. Although the workers were cryptic, the

light colored spongiform gland/tissue on the petiole and

gaster [17] helped to recognize workers.

2.6. Processing Acorns. When an acorn was located that con-

tained a Pyramica colony, it was placed in a 50 mL screw-cap

plastic conical centrifuge tube. Most of the acorn samples

were preserved with 70% ethyl alcohol. A few colonies were

kept alive so that the ants within could be observed and pho-

tographed.

2. 7. ProcessingAnt Samples. The acorn collections were proc-

essed by the same procedure as with the artificial ant nest

samples. For each sample, total number of workers, dealate

queens, male and female alates, pupae, and larvae were

counted and recorded.

2.8. Deposition of Specimens. All materials were identified

by the second author [G. D. Alpert]. Voucher specimens

have been placed in the Museum of Comparative Zoology,

Flarvard University. The remaining materials reside in the

collection of the first author [R. M. Dufheld].

3. Results

Of the 55 artificial nests (110 nesting cavities) placed in the

woods, 18 cavities (16%) contained ant colonies or ants. Five

different species of ants were recovered from the artificial

nests. They included Temnothorax curvispinosus (6 colonies),

Temnothorax longispinosus (1 colony), Ponera pennsylvanica

(3 colonies), Pyramica ohioensis (Kennedy & Schramm) (2

colonies), and P. rostrata (Emery) (6 colonies).

Two of the artificial nests had both of the nesting cavities

occupied by ant colonies. One had two T. curvispinosus

colonies residing in it. The second nest had a T. curvispinosus

colony on one side and a Pyramica colony on the other

side. Six of the eighteen cavities occupied by ant colonies

were 6 mm in diameter. Pyramica colonies occupied two

6 mm diameter cavities; six others colonized 1.2 cm diameter

cavities.

A total of 29 P. rostrata colonies were recovered: 6 from

artificial nests and the rest from acorns. The demographic

data of each colony are presented in Table 1. We did not want

to mix the colony data recovered from the artificial nests

with the acorn data. Since there were more samples for each

species from acorns, these were the data that were analyzed.

3.1. Demographic Data for P. rostrata Colonies Recovered from

Acorns. Analysis of colonies recovered from acorns provided

the following data: mean number of workers 82.9 ± S.D.

39.1; range 14-160, N = 28; mean number of queens 5.0

± S.D. 4.8; range 0-24, N = 28; mean number of larvae

63.3 ± S.D. 38.0; range 0-140, N = 28. Eight colonies

contained over one hundred adult workers. A total of 2,074 P.

rostrata workers were collected during this study. While most

of the P. rostrata colonies contained multiple queens, one

contained no queen and two others contained single queens.

Surprisingly, one colony contained twenty-four queens. Five

of the colonies contained at least one male and/or female

alate. These reproductives were primarily recovered from the

artificial nests. Most of the recovered P. rostrata colonies

contained larvae. The greatest number of larvae recovered

from a single nest was 140. Larvae appeared to be one

uniform age class. Seven colonies contained at least one

pupa.

3.2. Demographic Data for P. ohioensis Colonies Recovered

from Acorns. The demographic data of each of the 14

Pyramica ohioensis colonies recovered from acorns is given

in Table 2. Analysis of colonies provided the following data:

mean number of workers 55.5 ± S.D. 23.5; range 19-111,

N = 14; mean number of queens 2.6 ± S.D. 1.7; range 1-

6, N = 14; mean number of larvae 39.4 ± S.D 18.9; range

0-83, N = 14. The number of adult individuals per colony

ranges from 10 to 83. Only one colony contained over one

hundred adult ants. A total of 763 workers ofP. ohioensis were

collected during this study. Five of the colonies contained

single queens while the rest contained multiple queens. The

greatest number of queens in a single colony was six. Three

colonies contained at least one alate. Five of the colonies

contained one or more pupae. The largest number of larvae

recovered was eighty-three.

The number of workers per colony versus the number

of larvae was positively correlated at 63% for P. rostrata and

67% for P. ohioensis. This may be a reflection of the number
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Table 1: Demographic data for Pyramica rostrata colonies recovered in this investigation [Montgomery Co., Maryland]

.

Nest Collection number/Ant species workers queens Male alates Female alates Larvae Pupae

A.N. 2010-VIII-27-211 26 2 — — — 1

A.N. 2010-VIII-27-213 26 — 2 4 —
A.N. 2010-VIII-27-511 53 12 — 2 14 3

A.N. 2010-VIII-27-613 34 7 1 — 17 1

A.N. 2010-VIII-27-614 63 4 1 — 17 1

A.N. 2010-VIII-27-751 49 5 — — 13 1

A 2010-IX-24-02 49 2 — 2 38 —
A 2010-X-09-01 160 3 — — 122 3

A 2010-X-09-02 118 5 — — 68 2

A 2010-X-10-01 14 3 — — 11 —
A 2010-X-11-01 36 2 — — 14 —
A 2010-X-11-02 63 6 — — 15 —
A 2010-X-11-03 149 5 — — 64 —
A 2010-X-11-04 132 10 — — 124 —
A 2010-X-11-05 104 4 — — 85 —
A 2010-X-11-06 72 3 — — 37 —
A 2010-X-17-01 92 4 — — 90 —
A 2010-X-17-02 54 5 — — 91 —
A 2010-X-17-03 51 1 — — 43 —
A 2010-X-17-04 113 2 — — 54 —
A 2010-X-22-01 77 4 — — 79 —
A 2010-X-22-03 65 8 — — 24 —
A 2010-X-22-04 124 24 — — 140 —
A 2010-X-23-01 45 4 — — 40 —
A 2010-X-23-03 100 2 — — 74 —
A 2010-XI-06-01 46 2 — — 13 —
A 2010-XI-06-02 56 8 — — 72 —
A 2010-XI-06-03 103 2 — — 95 —
C Talbot [18] 98 1 45

Talbot [18] 45 — 22

A = acorn; A.N. = Artificial Nest; C = hickory nut; Collection number = [year-month-day-colony number].

Table 2: Demographic data on Pyramica ohioensis colonies recovered in this study [Montgomery Co., MD]

.

Nest Collection number/Ant species Workers Queens Male alates Female alates Larvae Pupae

A.N. 2010-VIII-27-509 22 1 — 2 14 3

A.N. 2010-VIII-27-602 75 6 — — 60 18

A 2010-IX-19-01 19 1 — — 10 —
A 2010-IX-19-02 38 3 — — 23 —
A 2010-IX-19-03 50 6 — — 31 —
A 2010-IX-19-04 48 1 — 4 33 —
A 2010-IX-19-05 56 2 — — 38 —
A 2010-IX-20-01 56 2 — — 30 5

A 2010-IX-20-02 67 3 — 1 46 4

A 2010-X-02-02 111 2 — — 59 1

A 2010-X- 10-02 53 1 — — 51 —
A 2010-X-10-03 77 5 — — 83 —
A 2010-X-23-02 30 1 — — 28 —
C 2010-X-30-01 61 4 — — 41 —

Hill MS Thesis [23] 72 2

A = acorn; A.N. = Artificial Nest; C = hickory nut; Collection number = [year-month-day-colony number].
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of workers required to support development of a population

of larvae since recruitment is based upon individual foragers

returning with Collembola as prey.

However, the number of queens did not correlate strong-

ly with either the number of larvae (17%, 25%) or the num-
ber of workers (.07%, 17%), P. rostrata and P. ohionesis,

respectively. This preliminary data suggests that multiple

queens are not laying viable eggs at the same time and that

there may be a single reproductive queen. All the brood was

synchronized in development as overwintering larvae. This

colony reproductive system needs to be explored further to

understand the role of polygyny in these two species.

3.3. Overwintering Colonies. During the collecting phase

of this investigation, several tubes with acorns containing

Pyramica colonies were left refrigerated [3°C] for more than

three months (end of October through February 1, 2011).

Each colony was then checked using a microscope at low

magnification. The workers showed no movement at first but

were active by the next day.

In retrospect, being able to refrigerate Pyramica colonies

for months and revive the specimens at room temperature

is not surprising. Temperate ants must survive periods of

subfreezing temperatures with minimal losses. It may prove

useful to store Pyramica colonies in natural cavities for lab-

oratory experimentation. Colonies could be retrieved from

storage as needed and thus reduce the burden of keeping live

laboratory colonies.

4. Discussion

4.1. Artificial Nests. Although P. rostrata and P. ohioensis

have been reported in Maryland and Virginia [19, 20], this

is the first report of the recovery of multiple colonies of

each species in artificial nests. As Deyrup and Cover [4]

point out, when Creightons Ants of North America [21] was

published, dacetine ants were thought to be rare. It now ap-

pears that some dacetine ants, and in particular Pyramica

species, are not uncommon. Rather, because of their cryptic

appearances, diminutive size, and slow movements, colonies

are frequently overlooked in the field. Although colonies are

seldom collected, individuals in leaf litter samples have been

reported throughout the world [22].

Since this is the first report of Pyramica colonizing artifi-

cial nests, it is premature to draw conclusions. At this junc-

ture, we do not know how many different Nearctic species

will colonize artificial nests. Artificial nesting cavities have

been employed in several experiments performed in wood-

land settings. Herbers and Banschbach [24] successfully used

hollowed-out wooden doweling to investigate nest choice by

Myrmica punctiventris and Temnothorax longispinosus. The

occupancy rate was as high as 27% per species. In another

study on social organization of M. punctiventris, Herbers

and Banschbach [25] used pieces of wooden doweling that

had lengthwise holes. Friedrich and Philpott [26] used nests

made from hollow twigs of differing internal diameters to

study the impact of urbanization on cavity nesting ant com-

munities in Ohio. Hollowed-out natural twigs were also used

by Armbrecht et al. [27] to study the correlation between

diversity of twig species versus the diversity of twig nesting

ant species. They found a positive correlation. While other

investigators have used artificial nesting cavities; we believe

our nest design may be unique and favors some cavity nesting

ant species over others.

4.2. Nests in Acorns. The decomposition of acorns follows

a predictable series of steps from when the acorn first falls

to the ground until it is incorporated into the humus of

the forest floor [28]. This decomposition is aided by various

insects and microorganisms, resulting in an empty outer

shell. Depending upon the region, multiple species of weevil

larvae (Curculionidae) and moth larvae (Tortricidae) feed on

the seed inside the shell. The result is a partially empty hard

shell with a small exit hole. Collection data document these

degraded acorns are superb nest sites for a variety of ants

including Pyramica. It is not clear how ants chose acorns for

nesting. The volume ofthe cavity maybe one parameter; oth-

ers may include how the acorn decomposes and retains mois-

ture, whether bacteria, fungi, or secondary plant substances

are present, structural differences or biochemical differences.

Nest site selection by P. rostrata was originally described

by L. G. Wesson and R. G. Wesson [8]. Several colonies were

found in decaying logs. It is assumed that the nests were in

preformed cavities. The authors report one colony in a rotten

hickory nut. Talbot [18] also reported a P. rostrata colony

from a hickory nut {Cary

a

sp.) (Table 1). The Wessons [8] re-

ported a colony found in a decayed stick in the leaf letter. Our

data on P. rostrata suggest that the artificial nests may mimic

natural cavities in rotten wood. Perhaps it is not the wood the

ants are choosing but rather the environmental condition,

that is, moisture content of the artificial nests. In retrospect,

the reports of P. rostrata in hickory nuts could have given

investigators a clue where else to look for P. rostrata colonies,

namely, acorns. The data on colony demographics for P.

rostrata recovered from acorns clearly documents the impor-

tance of acorns as natural nesting sites for this species.

Colonies of P. rostrata were also reported by L. G. Wesson

and R. G. Wesson [8] living in the humus under the leaf layer.

Another colony was found in a chamber in dry soil under a

rock. Talbot [18] reports finding one colony in a chamber

six inches below the surface (Table 1). It would appear that

P. rostrata is either opportunistic or a generalist in choosing

nest sites. As documented, this species constructs colonies in

decaying logs, cavities in nuts and acorns, in the soil under a

covering object, and in subterranean cavities.

Many myrmecologists have collected ants from acorns

over the last half century, without finding Pyramica colonies.

However, there is an anecdotal report by Coovert [29, page

95] that a colony of P. ohioensis was found in an acorn

and state “Colony Organization: Futher data lacking.” In

our study, fourteen colonies of P. ohioensis were recovered

(Table 2). Two colonies were recovered from artificial nests,

eleven from acorns and one from a hickory nut. At this

juncture, it may be assumed that its nest site requirements are

similar to those of P. rostrata. The differences in the number

of nests recovered for P. rostrata and P. ohioensis may reflect
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Table 3: Numbers of workers per colony of North American

Pyramica species.

Species
Number of

workers

Number of

queens
Reference

P. apalachicolensis >300
Deyrup and

Lubertazzi [38]

P. bunki 40
King and Porter

[39]

P. clypeata 50
King and Porter

[39]

P. clypeata 62 Brown [17]

P. creightoni 50
King and Porter

[39]

P. deyrupi 50
King and Porter

[39]

P. dietrichi 80
Kennedy and

Schramm [40]

P. dietrichi 50
King and Porter

[39]

P. eggersi* 50
King and Porter

[39]

P. memorailis 54 1 Deyrup [41]

P. ohioensis
x = 56

n = 12
2.6 ± SD 1.7 This study

P. ohioensis 53 Brown [17]

P. ornate 20
L. G. Wesson and

R. G. Wesson [8]

P. pergandei Up to 300 Brown [17]

P. pergandei 700 Brown [37]

P. pergandei 146 1 Wilson [10]

P. pilinasis 30 2
L. G. Wesson and

R. G. Wesson [8]

P. pulchella 6-60 Smith [42]

P. rostrata
x = 82

n = 22
5.0 ± SD 4.9 This study

P. rostrata -200 3-5 Brown [17]

Brown [17] listed

by Geraghty et al.,

P. rostrata 72 [43] [Possibly

incorrectly

reported]

P. talpa -60
L. G. Wesson and

R. G. Wesson [8]

exotic, introduced species in the United States, n = number of colonies

analyzed.

the density of each or may indicate P. ohioensis has slightly

different nesting requirements and that our two collecting

methods do not adequately sample for this species.

4.3. Colony Structure. Colonies of some species of ants

occupy more than one physical nest (polydomy) rather than

one (mondomy). For example, Temnothorax longispinosus

under laboratory conditions exhibits colony fission and

fusion [30, 31]. Polydomy or forms of polydomy have been

documented in T. curvispinosus [32], T. ambiguus [33], Myr-

mica punctiventris [34, 35], and Stenamma diecki [35, 36].

P. ro strata number of workers versus number of larvae

Figure 4: P. rostrata scatter plot of colonies (N = 28): (a) workers

versus larvae; (b) queens versus larvae.

Worker number in a colony changes with the annual

cycle. Our data represent the period after the reproductive

alates have swarmed and just before winter hibernation.

These are the first data sets based on multiple collections

for each species. Pyramica rostrata colonies exhibited a mean
of eighty-three workers per colony, compared to fifty-six

workers per P. ohioensis. Our data are similar to those worker

numbers per colony reported for other Nearctic species of

Pyramica as listed in Table 3. The Pyramica pergandei colony

reported by Brown [37] from Massachusetts that contained

seven hundred workers is markedly larger than those listed in

this study. Obviously we have much to discover about worker

numbers in Pyramica colonies.

It is difficult to compare our Pyramica data to other data

sets since so little exists for the Nearctic region, or that matter

worldwide. Dejean (reported by Beckers et al. [44]) provides

data on colony worker number for four African species:

Pyramica emarginata [199 workers], P. lujae [57 workers],

P. serrula [78 workers], and P. truncatidens [133 workers].

The number of workers per colony for the Japanese ground

nesting “tramp species” Pyramica membranifera, is 198 ± SD
129, N = 59 [45]. Our data seems to fit in the range reported

by these authors.

Larvae were present in most colonies of P. rostrata and P.

ohioensis. In acorns P. rostrata colonies had a mean of 63.3 ±
SD 38.0, N - 28 larvae and P. ohioensis has 39.4 ± SD18.9,

AT = 14. Figures 4 and 5 plot workers as a function of the

number of larvae present for each colony recovered from

acorns by species.
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P. ohioensis number of workers versus number of larvae

P. ohioensis number of queens versus number of larvae

Number of queens

(b)

Figure 5: P. ohioensis scatter plot of colonies (N = 14): (a) workers

versus larvae; (b) queens versus larvae.

4.4. Polygyny. The mean number of queens per colony for P.

rostrata is 5.0 ± SD 4.9, N = 28, whereas P. ohioensis had

a mean of 2.6 ± SD 1.7, N = 14 queens per colony. Thus

it appears P. ohioensis forms smaller colonies and has fewer

queens per colony.

Analysis of the twenty-eight P. rostrata colonies and four-

teen P. ohioensis collected in the late summer documents that

most colonies contain multiple queens; only three colonies

did not. It is not clear whether these are true monogynous

colonies where each colony was founded by a single queen

and is retained as a single queen throughout the life of the

colony. These colonies could have been established by a single

queen and a group of workers leaving a larger polygynous

colony.

Polygyny is an important component of ant biology and

has evolved independently many times [46]. Pyramica ros-

trata and P. ohioensis are part of a growing list of polygynous

species. It is not clear how many queens were inseminated,

if one queen is doing the egg laying or if it is a shared

responsibility. Given that the number of queens in both P.

rostrata and P. ohioensis colonies does not correlate with the

number of larvae or number of workers, it appears that only

one queen is laying eggs. Polygynous colonies can be formed

by swarming where a single queen or multiple queens leave

the parent colony with a small group ofworkers and establish

a new colony. Colonies could also be established by a single

queen with extra queens added as the colony matures.

Five colonies of P. rostrata and three of P. ohioensis

contained at least one male and/or female alate. The end of

August seems relatively late in the year for alates to be present

Figure 6: Pyramica rostrata worker foraging in artificial nest.

in the colonies. Although one assumes that the female in-

dividuals would eventually leave the colony, they may not.

Ito et al. [45] working with the polygynous species Pyramica

membranifera recently reported thelytokous reproduction by

queens. In laboratory investigations, they documented that

some alate queens found in the colonies, shed their wings

and established new polygynous colonies which produced

workers.

4.5. Utility of Artificial Nests. This investigation demon-

strates the limited effectiveness of a novel artificial nest to

obtain colonies of two species of Pyramica. Additional work

is necessary to determine whether other species of Pyramica

will inhabit artificial nests, perhaps based on this design,

if the nests are placed in a suitable habitat. The capture

and subsequent maintenance of colonies of Pyramia in the

laboratory will allow a number ofimportant questions about

the biology of Pyramica to be addressed. As pointed out by

Deyrup and Cover [4], the natural history of these ants is

poorly understood. We hope that our contribution will allow

other investigators an opportunity to employ our methods to

pursue investigations of this most fascinating group of ants.
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About 953000 individuals of the cosmopolitan parasitoid, Coccophagus scutellaris (Dalman) (Hymenoptera: Aphelinidae), were

released and evaluated during 2009-2010 for the control of the following soft scale insects (Hemiptera: Coccidae) infesting the

following economic crops in Egypt: Ceroplastes rusci on citrus in Beni Seuf, Ceroplastesfloridensis Comstock on citrus in Gharbiya,

Coccus hesperidum L. on guava in Giza, Pulvinaria floccifera (Westwood) on mango in Sharqiya, Pulvinaria psidii Maskell on mango
in Ismailia, Saissetia cojfeae (Walker) on olive in Marsa Matruh, and Saissetia oleae (Oliver) on olive in the Northern Coast. The

population of C. scutellaris showed a significant correlation with the build up of the population of the soft scale insects population

in all of the release sites studied. The maximum rate of parasitism of the other species of parasitoids associated with soft scale

insects at the release sites decreased after the release of C. scutellaris.

1. Introduction

Soft scale insects (Hemiptera: Coccidae) constitute one ofthe

most important groups of pests in agriculture. Many species

are destructive especially to fruit trees and ornamentals

plants. Organophosphorus insecticides have been used in

an effort to control these pests; however, these products

have often been ineffective, costly and have resulted in the

contamination of the soil, water, and environment in the

areas of Egypt that were previously unpolluted. Whereas

biological control of soft scale species has been very effective,

with relatively low costs and with little or no negative effects

on the environment.

The genus Coccophagus Westwood (Hymenoptera: Aphe-

linidae) is cosmopolitan in distribution and is comprised

of many of the most frequently encountered parasitoids of

soft scales, several of which have been used in biological

control programs [1]. Coccophagus scutellaris (Dalman) is

a cosmopolitan parasitoid of various soft scale species [2]

including Coccus longulus (Douglas) [3], Parasaissetia nigra

(Nietner) and Parthenolecanium corni (Bouche) [4], Saissetia

oleae (Oliver) and Ceroplastes floridensis (Comstock) [5]

among other species. In Egypt, Priesner and Hosny [6]

recorded this species associated with Coccus hesperidum L.

and Pulvinaria floccifera (Westwood). Later, Abd-Rabou [7]

added Pulvinaria mesembryanthemi (Vallot) and Saissetia

coffeae (Walker) as coccid hosts of this species in Egypt.

Bodenheimer [8] and Abd-Rabou et al. [9] recorded C.

scutellaris as a common parasitoid of Coccus hesperidum and

Ceroplastes floridensis.

Coccophagus scutellaris is considered to be an effective

parasitoid of Saissetia coffeae and S. oleae with maximum
parasitism rates of26 and 22% during November and August

1999, respectively [10]. Currently, it is known to attack six

species of soft scales insects in Egypt and is considered

to be an effective parasitoid of some of these pests. It is

an autoparasitoid; the female is a primary parasitoid of

soft scales and the male is a hyperparasitoid of primary

parasitoids of soft scales including its own species [4] . During

2009-2010, it was reared and released in different locations

in Upper Egypt [11] to control various species of soft scale

insects on economic crops. The release, and establishment of
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this biological control agent in Egypt allows future studies to

be conducted on its effects on the survival of soft scale insects

at low population densities.

The aim of this work is to clarify the importance of

rearing, release and establishment of Coccophagus scutellaris

for the control of the soft scale insects and to evaluate its

efficacy and the role it plays in controlling of soft scales on

economic crops in Egypt.

2. Materials and Methods

2.1.

Laboratory Rearing. The parasitoid was reared in three

glasshouses. In the first glasshouse, green potato sprouts

and tubers were sown in shallow trays, the bottoms of

which were perforated with many holes for drainage. The

trays were filled with a mixture of equal quantities of loam,

sand, and peat moss and irrigated every 1-2 days. When the

sprouts reached approximately 10-12 cm in height, eggs and

crawlers of Saissetia cojfeae were individually scattered on

the potato sprouts in the second glasshouse conditioned at

25 ± 2°C, 65% of relative humidity, and 14 hours of light

per day. A colony of Coccophagus scutellaris was initiated in

the third glasshouse with specimens that had emerged S.

cojfeae in the field and released on a culture of S. cojfeae

(5-6 weeks old). The procedures followed in the treatment

experiments were also applied to the control experiment.

The development from egg deposition to adult under the

above mentioned thermic conditions required 34-36 days.

Parasitoids emerging from field and from laboratory rearing

were utilized for field releases.

2.2.

Field Releases. About 963,000 adult C. scutellaris indi-

viduals were released during the period 2009-2010 on the

following crops and locations: (1) citrus in Beni Seuf infested

with Ceroplastes rusci, (2) citrus in Gharbiya infested with

Ceroplastes floridensis Comstock, (3) guava in Giza infested

with Coccus hesperidum L., (4) mango in Sharqiya infested

with Pulvinaria floccifera (Westwood), (5) mango in Ismailia

infested with Pulvinaria psidii Maskell, (6) olive in Marsa

Matruh infested with Saissetia cojfeae (Walker), and (7) olive

in Northern Coast infested with Saissetia oleae (Oliver).

Parasitoids were released as adults by fixing vials or cups

containing these parasitoids on stems of the various hosts

and allowing the adults to exit.

Coccophagus scutellaris

-±- Microterys flavus

Metaphycus flavus

Figure 1: Percent parasitism of Coccophagus scutellaris and other

associated parasitoids of Ceroplastesfloridensis on citrus in Gharbiya

governorate after releasing during 2009-2010.

Coccophagus scutellaris

-±- Microterys flavus

Metaphycus flavus

Figure 2: Percent parasitism of Coccophagus scutellaris and other

associated parasitoids of Ceroplastesfloridensis on citrus in Gharbiya

governorate before releasing during 2009-2010.

glass tube and monitored daily for parasitism which was

calculated as follows:

_ No. parasitized . . ,
. .

Percentage = — ——7 +No. unparasitized. (1)
No. parasitized

2.4. Statistical Analysis. Simple correlation and regression

[12] origin were performed on data to determine the

relationship between the populations of C. scutellaris and

populations of the various species of soft scales.

2.3.

Assessment of Efficacy. The efficacy of released para-

sitoids was assessed by parasitoid emergence or dissection

of their hosts. Rearing of soft scale stages was achieved

by holding a total of 30 leaves each of citrus, guava, and

mango and 60 olive leaves from each site in 0.5 liter

cardboard containers with ventilated tops at 25±2°C for

two weeks. During 2009-2010, soft scales obtained from 7

locations in Egypt were dissected to detect prepupa and pupa

of parasitoids. Samples were collected every month from

October 2009 through October 2010. Three replicates of the

study were performed on 14 feddan (about 0.1 hectares) of

each crop. Each leafwas stored in a well-ventilated emergence

3. Results and Discussion

The efficacy ofthe release ofthe individuals of C. scutellaris in

controlling different species of soft scales on different crops

and locations in Egypt was evaluated .

3.1. Ceroplastes floridensis on Citrus in Gharbiya. About

136,000 adults of C. scutellaris individuals were released

during the period of 2009-2010 (Table 1). Parasitism

increased after the release (Figure 1). The buildup of the

population of C. scutellaris in the Gharbiya governorate on

citrus correlated with that of C. floridensis (r = 0.973) with



Psyche 3

Coccophagus scutellaris

— Metaphycus zebratus— Scutellista caerulea

Figure 3: Percent parasitism of Coccophagus scutellaris and other

associated parasitoids of Ceroplastes rusci on citrus in Beni Seuf

governorate after releasing during 2009-2010.

Coccophagus scutellaris

Alaptus pallidicornis

Figure 5: Percent parasitism of Coccophagus scutellaris and other

associated parasitoid of Coccus hesperidum on guava in Giza

governorate after releasing during 2009-2010.

Coccophagus scutellaris

— Metaphycus zebratus— Scutellista caerulea

Figure 4: Percent parasitism of Coccophagus scutellaris and other

associated parasitoids of Ceroplastes rusci on citrus in Beni Seuf

governorate before releasing during 2009-2010.

Coccophagus scutellaris

A Alaptus pallidicornis

Figure 6: Percent parasitism of Coccophagus scutellaris and other

associated parasitoid of Coccus hesperidum on guava in Giza

governorate before releasing during 2009-2010.

simple regression values of h = 0.311, R2 = 0.951, and

P < .01. Parasitism reached a maximum of 22.1% during

October 2010 in the treatment plot (after release) while a

maximum of 1.8% was reached during October 2009 in

the control plot (before release). Parasitism by the other

associated primary parasitoids Microterys flavus (Howard)

and Metaphycus flavus (Howard) decreased from 1.4 to 1.1%

and from 1.4 to 0.8%, respectively, after the release of C.

scutellaris (Figures 1 and 2).

3.2.

Ceroplastes rusci on Citrus in Beni Seuf. About 137,000

adult of C. scutellaris individuals were released during the

period of 2009-2010 (Table 1). Parasitism increased after

the release (Figure 3). The buildup of the population of C.

scutellaris in the Beni Seuf governorate on citrus correlated

with that of C. rusci (r = 0.813) with simple regression to

these revealed values of b = 0.311, R2 = 0.804, and P < .01.

Parasitism reached a maximum of 15.9% during Oct. 2010

in the treatment plot (after the release), while parasitism

reached a maximum 1.3% during Oct. 2010 in the control

plot (before the release). Parasitism by the primary parasitoid

Metaphycus zebratus (Mercet) and the egg predator, Sutellista

caerulea (Boyer de Fonscolombe), decreased from 3.8 to

1.1% and from 10.4 to 2.4%, respectively, after the release

of C. scutellaris (Figures 3 and 4).

3.3. Coccus hesperidum on Guava in Giza. About 138,000

adult of C. scutellaris individuals were released during the

period of 2009-2010 (Table 1). Parasitism increased after

the release (Figure 5). The buildup of the population C.

scutellaris in the Giza governorate on guava correlated with

that of C. hesperidum population buildup (r = 0.870) with

simple regression values of b = 0.301, R2 = 0.842, and P <

.01. Maximum parasitism reached 21.5% during Oct. 2010 in

the treatment plot (after release), while maximum parasitism

reached 1.3% during November 2009 in the control plot

(before release). Parasitism by the egg parasitoid, Alaptus

pallidicornis Forster, decreased from 1.4 to 1.1% after the

release (Figures 5 and 6).

3.4. Pulvinaria floccifera on Mango in Sharqiya. About

127,000 adult of C. scutellaris individuals were released dur-

ing the period of 2009-2010 (Table 1). Parasitism increased

after the release (Figure 7). The buildup of the population
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Table 1: Total numbers of the adult parasitoid Coccophagus scutellaris released in different fields of citrus, guava, mango, olive in Beni Seuf,

Gharbiya, Giza, Ismailia, Marsa Matruh, Northern Coast, and Sharqiya governorates in Egypt during each year from 2009/2010.

No. of released parasitoids by scale insect species

Month Ceroplastes

floridensis
Ceroplastes rusci

Coccus

hesperidum

Pulvinaria

floccifera

Pulvinaria

psidii

Saissetia

coffeae
Saissetia oleae

Oct. 10000 11000 9000 11000 9000 12000 10000

Nov. 10000 11000 8000 10000 11000 11000 10000

Dec. 12000 10000 11000 11000 11000 11000 9000

Jan. 11000 10000 10000 11000 10000 10000 11000

Feb. 12000 10000 11000 11000 11000 11000 9000

March 10000 11000 11000 10000 12000 11000 10000

April 9000 10000 10000 11000 10000 10000 9000

May 11000 10000 12000 11000 10000 10000 11000

June 10000 11000 12000 10000 11000 12000 10000

July 10000 9000 11000 10000 11000 11000 12000

Aug. 10000 11000 11000 10000 12000 11000 10000

Sept. 11000 12000 10000 11000 12000 10000 10000

Oct. 10000 11000 12000 10000 11000 10000 13000

Total 136000 137000 138000 127000 141000 140000 134000

Coccophagus scutellaris

— Scutellista caerulea

Figure 7: Percent parasitism of Coccophagus scutellaris and other

associated parasitoid of Pulvinaria floccifera on mango in Sharqiya

governorate after releasing during 2009-2010.

(months)

Coccophagus scutellaris A Metaphycus flavus— Diversinervus elegans # Metaphycus helvolus

Figure 9: Percent parasitism of Coccophagus scutellaris and other

associated parasitoids of Pulvinaria psidii on mango in Ismailia

governorate after releasing during 2009-2010.

Coccophagus scutellaris— Scutellista caerulea

Figure 8: Percent parasitism of Coccophagus scutellaris and other

associated parasitoid of Pulvinaria floccifera on mango in Sharqiya

governorate before releasing during 2009-2010.

(months)

Coccophagus scutellaris -A- Metaphycus flavus— Diversinervus elegans Metaphycus helvolus

Figure 10: Percent parasitism of Coccophagus scutellaris and other

associated parasitoids of Pulvinaria psidii on mango in Ismailia

governorate before releasing during 2009-2010.
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Coccophagus scutellaris— Metaphycus lounsburyi

A Metaphycus flavus

Figure 11: Percent parasitism of Coccophagus scutellaris and other

associated parasitoids of Saissetia coffeae on olive in Marsa Matruh

governorate after releasing during 2009-2010.

— Metaphycus lounsburyi

-A- Metaphycus flavus

Figure 12: Percent parasitism of Coccophagus scutellaris and other

associated parasitoids of Saissetia coffeae on olive in Marsa Matruh

governorate before releasing during 2009-2010.

Coccophagus scutellaris

Metaphycus helvolus

Metaphycus flavus

Scutellista caerulea

Figure 13: Percent parasitism of Coccophagus scutellaris and other

associated parasitoids of Saissetia oleae on olive in Northern Coast

governorate after releasing during 2009-2010.

Coccophagus scutellaris

Metaphycus helvolus

Metaphycus flavus

Scutellista caerulea

Figure 14: Percent parasitism of Coccophagus scutellaris and other

associated parasitoids of Saissetia oleae on olive in Northern Coast

governorate before releasing during 2009-2010.

of C. scutellaris in the Sharqiya governorate on mango
correlated with that of P. floccifera (r = 0.798) with simple

regression values of b - 0.295, R2 = 0.788, and P < .01.

Maximum parasitism reached 22.4% during Oct. 2010 in the

treatment plot (after the release), while maximum parasitism

reached 6.7% during Oct. 2010 in the control plot (before

the release). Parasitism by the primary parasitoid S. caerulea

decreased from 2.2 to 1.0% after the release (Figures 7 and

8).

3.5.

Pulvinaria psidii on Mango in Ismailia. About 141,000

adults of C. scutellaris individuals were released during the

period of 2009-2010 (Table 1). Parasitism increased after

the release (Figure 9). The buildup of the population of C.

scutellaris in the Ismailia governorate on mango correlated

with that of P. psidii (r = 0.934) with simple regression

values of b = 0.324, R2 = 0.903, and P < .01. Maximum
parasitism reached 9.7% during Oct. 2010 in the treatment

plot (after release), while no parasitism was observed during

Oct. 2010 in the control plot (before release). Parasitism

by the primary parasitoids Metaphycus flavus (Howard),

M. helvolus (Compere), and Diversinervus elegans Silvestri

decreased from 3.5 to 0%, from 5.9 to 1.4%, and from 0.2

to 0%, respectively, after release (Figures 9 and 10).

3.6. Saissetia coffeae on Olive in Marsa Matruh. About

140,000 adult of C. scutellaris individuals were released

during the period 2009-2010 (Table 1). Parasitism increased

after the release (Figure 11). The buildup of the population

of C. scutellaris in the Marsa Matruh governorate on olive

correlated with that of S. coffeae (r = 0.798) with simple

regression values of b - 0.299, R 2 = 0.787, and P < .01.

Maximum parasitism reached 17.3% during Oct. 2010 in

the treatment plot (after release), while maximum parasitism

reached 2.5% during Oct. 2010 in the control plot (before

release). Parasitism by the primary parasitoids Metaphycus

lounsburyi (Howard) and M. flavus decreased from 7.1 to

3.2% and from 8.4 to 1.3%, respectively, after the release

(Figures 11 and 12).

3.7. Saissetia oleae on Olive in Northern Coast. About 134,000

adult of C. scutellaris individuals were released during the

period of 2009-2010 (Table 1). Parasitism increased after the

release (Figure 13). The buildup in the population of C.

scutellaris in the Northern Coast region on olive correlated

with that of S. oleae population buildup (r = 0.855) with

simple regression values of b = 0.301, R2 = 0.846, and P <

.01. Maximum parasitism reached 25.8% during Oct. 2010

in the treatment plot (after the release), while maximum
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parasitism reached 6.1% during Oct. 2010 in the control plot

(before the release). Parasitism by the primary parasitoids

Metaphycus flavus (Howard), M. helvolus (Compere), and

the egg predator Scutellista caerulea (Boyer de Fonscolombe),

decreased from 10.5 to 2.4%, from 7.1 to 4.5%, and from 13.4

to 8.9%, respectively, after the release (Figures 13 and 14).

Results of the mass rearing showed that large numbers

of this parasitoid species can be obtained by mass rearing.

Parasitoids collected in areas where they are abundant and

those reared in the laboratory can be transferred, distributed,

and released in locations where the parasitoid is rare or

not known to occur. Monthly collections of scale hosts and

parasitoids were made in the release sites to monitor the

population of the parasitoid where it was not previously

known to exist.

The seven sites in Egypt where the parasitoids were

released distinctive in their locations as well as their environ-

mental conditions. Prior to its release, Coccophagus scutellaris

was not found in Ismailia but was found in the other

locations with parasitism rates ranging from 1.3 to 6.7%

in control plot and from 15.9 to 25.8% in the treatment

plot. After its release, Coccophagus scutellaris, was found

to be established in Ismailia, with maximum parasitism

rate of 9.7% during Oct. 2010. The egg parasitoid, Alaptus

pallidicornis was collected only in Giza, located south of Nile

Delta, an area characterized as having high humidity. Also

the parasitoid, Diversinervus elegans, was only collected in

Ismailia, located on Suez Canal and Temsah Lake, which is

characterized as having low humidity.

This work is an important step towards replacing the

chemical insecticides currently used for controlling these soft

scale species with environmentally friendly biological control

agents. The control of these serious pests on economic crops

in Egypt is especially important for products exported to

other countries.

4. Conclusion

The methodology developed in amassing large numbers of

the parasitoid, C. scutellaris, in the laboratory, reared or

collected in the field and distributed them in areas where they

are not known to occur is an effective way of establishing

the parasitoid in areas where the parasitoid is needed to

control soft scale species. The percentage of parasitism was

satisfactory, and the population of soft scales decreased to a

satisfactory level at the sites studied.
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Pollen samples were collected in three different periods from 11 Melipona capixaba Moure & Camargo hives and analyzed with

melissopalynological methodology. A total of 33 pollen types were identified, of which 23 genera and 15 families were identified.

The following families showed the highest pollen richness: Fabaceae (7), Myrtaceae (3), Solanaceae (3), Arecaceae (2), Asteraceae

(2), Euphorbiaceae (2), Melastomataceae/Combretaceae (2), Rubiaceae (2), and Sapindaceae (2). The most frequent pollen

types (>45%) were Eucalyptus, which generated great similarities between the samples, except one in which the Tibouchina was

predominant. Although the majority of the pollen types showed low percentage values, the results demonstrated that M. capixaba

has taken advantage of the polliniferous sources available in the Atlantic Rainforest as well as in the “Capoeira” (brushwood,

secondary forest) and “ruderal” (field) plants, probably implying its importance as a pollinator of the native flora and of the exotic

species.

1. Introduction

Melipona Illger constitutes the genus ofMeliponini tribe with

the biggest amount of species. It occurs in the whole neotrop-

ical region, which is the most diversified in the Amazon
basin

[ 1 ] . M. capixaba (popularly known as uruqu-preta or

uruyu-capixaba) is endemic to the Atlantic Rainforest where

it is restricted to the mountainous area of Espirito Santo

State in the municipalities of Domingos Martins, Conceiqao

do Castelo, Venda Nova do Imigrante, Alfredo Chaves, and

Afonso Claudio embracing Pedra Azul State Park, which is

protected by the government. M. capixaba was described by

Moure and Camargo [2] who referred it to the Meliponini

group of the Amazon region and designated by Rocha and

Pompolo [3] to the same karyotype group of M. scutellaris

Latreille. Experiments proved that the lack of anatomical

or behavioural isolation mechanisms allowed the crossing

of these species when they were brought into the same

area. These observations suggest that the two species are

capable of forming fertile hybrids [4]. The fact that two

ecologically different species of stingless bees, separated by

more than 300 km, could still cross when placed in the

same area suggests that there has not been any pressure to

develop reproductive isolation [4]. However, M. capixaba

is mentioned on the list of Endangered Brazilian species

(Normative Instructions no. 3, May 27th 2003, Ministry of

Environment) because its original habitat has been almost

completely fragmented to make room to pastureland, coffee

( Cojfea sp), and Eucalytus sp cultivars. Currently only 10%
of the original Atlantic Rainforest remains and has become a

“hot spot” for this bee [4, 5].

Despite its endangered status and ecological importance

as pollinator, few studies have examined the ecology and

biology of M. capixaba. Pollen analysis may be useful

to indirectly determine its food sources and help clarify

its role as a vegetation pollinator [6]. Knowledge of the

several pollen sources that are used by M. capixaba in

its natural environment helps the beekeepers to manage

them. Likewise, complementation of the ecological data,
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Table 1: Data regarding origin and date of collection of the pollen

samples stored in food pots of Melipona capixaba.

Samples
Origin

(Latitude-Longitude

)

Date of

collection

FC0
Venda Nova do Imigrante municipality

(S20° 18
,

57.6''-W41°07'55.2")
October 2007

JV1
Domingos Martins municipality

(S20°14
,

35.3"-W40°54'58.T')
may 2008

JV2
Domingos Martins municipality

(S20° 14'35.3"-W40 o 54'58.1")
may 2008

JV3
Domingos Martins municipality

(S20° 14'35.3"-W40
o 54'58.1")

may 2008

EM4
Domingos Martins municipality

(S20°27'22.8"-W41°00'27.8")
may 2008

JOV5
Alfredo Chaves municipality

(S20°32
,

56.4"-W40°48'02.8")
may 2008

JOV6
Alfredo Chaves municipality

(S20°32
,

56.4"-W40°48'02.8")
may 2008

JOV7
Alfredo Chaves municipality

(S20
o
32'56.4"-W40°48'02.8")

may 2008

FC8
Venda Nova do Imigrante municipality

(S20° 18'57.6"-W41°07'55.2")
may 2008

JV9
Domingos Martins municipality

(S20° 14'35.3"-W40°54'58. 1")
march 2009

JV10
Domingos Martins municipality

(S20° 14
,

35.3'
,

-W40°54'58.T')
march 2009

obtained through melissopalynological analysis, is important

for the development of the preservation programs for this

bee. This may help in directing the efforts to recover the

vegetation in the affected areas utilizing botanic species that

guarantee its food supply. There is only one publication in

the scientific literature that reports a case of the workers of

M. capixaba carrying pollinarium attached to the scutellum,

of the orchid subtribe Maxillariinae species, possibly of the

genus Maxillaria sensu lato or Xylobium [7]. However, food

storage in the beewax pots of M. capixaba has not yet

been palynologically analyzed. The aim of this study was

to investigate the influence of the local flora on the pollen

harvest by M. capixaba to characterize the vegetation in

which the sources were obtained in order to help in the

conservation efforts of this bee.

2. Materials and Methods

Pollen samples were collected from 11 hives of Melipona

capixaba found inside the tree-trunks and maintained by

beekeepers of three different regions. The pollen samples

were collected in different periods (October 2007, May
2008, and March 2009) directly from their food storage

in the beewax pollen pots. Six samples originated from

Domingos Martins municipality were defined as JV1, JV2,

JV3, EM4, JV9, and JV 10; three from Alfredo Chaves

(JOV5, JOV6, and JOV7), and two from Venda Nova do

Imigrante (FC0, FC8), all of them from Esplrito Santo

State, Brazil (Figure 1, Table 1). The meliponary located

in Venda Nova do Imigrante municipality (FC) stays near

Figure 1: Location of the municipalities where the pollen samples

of the food pots of M. capixaba were collected. Black = Domingos

Martins municipality; dark grey = Venda Nova do Imigrante

municipality, and light grey = Alfredo Chaves municipality.

to the urban area, being a small farm where they raise

chicken and cultivate orchids, besides raising stingless bees.

The bees collect floral resources in small forest fragments

nearby, and there are some Eucalyptus cultivars a few meters

far from the meliponary. The meliponary from Alfredo

Chaves municipality (JOV) is located within a Particular

Reserve of the Natural Patrimony (a private land), an area

with secondary forest that has been acquired by the land

owner for ecological tourism. There are a lot of coffee and

Eucalyptus cultivars in the region. The meliponary located

north Domingos Martins municipality (JV) is inside a small

farm near small forest fragments that are permanent forest

reserves inside private properties in the neighborhood. There

are fruit, vegetable, and Eucalyptus cultivars. The meliponary

south Domingos Martins municipality (EM) is inside a small

farm near great areas of primary or secondary native forests

in high stages of succession, within a permanent forest

reserve in “Hotel Monte Verde”, occupying an area of about
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EM4

Figure 2: Analysis of the main components (PCA) of pollen samples, using the absolute value variables per sample. Pollen samples = FCO,

JV1, JV2, JV3, EM4, JOV5, JOV6, JOV7, FC8, JV9, JV10. • = Pollen types.

3,000 hectares, and that uses the place for ecological tourism.

Besides that, this meliponary is close to two State Parks, State

Park ofForno Grande and State Park ofPedra Azul. There are

many family farms in the region that cultivate flowers, fruits,

and vegetables, besides agro-ecotourism, without Eucalyptus

cultivars.

All the sediments of one pollen pot were analyzed as

a single samples of one hive. The samples were acetolysed

[8]. Microscope slides were prepared using jelly glycerine

and sealed with paraffin. All samples were observed under

traditional light microscopy. Pollen identification was done

using literature data [9, 10] and the reference pollen slide

collection of the Palynology Research Center, Institute de

Botanica, from the Environment Department of Sao Paulo

State. A total of 500 pollen grains of each sample were

counted for the frequency calculations, as shown in Table 2.

Percentage values above 2% of the total count are specified.

Interpretation of the data takes in account all the pollen

grains of plant taxa. The term “pollen type” means a single

plant species or a group of species, or higher taxa, presenting

similar pollen morphology. “Monofloral” means originating

mostly from a unique plant species (pollen type with >90%
of the total) [11].

The multivariate analysis was performed through Princi-

pal Component Analysis (PCA) in order to verify the pollen

grain occurrence in the samples. The matrix comprised

the absolute value of all taxa found in each sample. The

absolute numerical variables were transformed into natural

logarithms [log(x+l)] using the FITOPAC program [12] and

the ordination was done through covariance matrix using

PC-ORD 4.0 [13].

3. Results

Thirty-three pollen types were identified with regards to

family, genus, and species taxa (Table 2). The families that

showed the highest richness of pollen types were Fabaceae

(7), Myrtaceae (3), Solanaceae (3), Arecaceae (2), Asteraceae

(2), Euphorbiaceae (2), Melastomataceae/Combretaceae (2),

Rubiaceae (2), and Sapindaceae (2). The variability between

the samples of pollen comprised 82.7% on the two first

axis in the Principal Component Analysis (PCA) (Figure 2).

Axis 1 alone comprised 71.0%. Regarding correlation among
the pollen types, the pollen samples showed great sim-

ilarity related to the high occurrence of the Eucalyptus

(Figure 3(e)), except for the EM4 sample, from Domin-
gos Martins, in which it was absent. Further Tibouchina

(Figure 3(d)) was common in the samples, absent only

in the JV3 sample, but predominant in the EM4 sample

(Table 2). Myrcia (Figure 3(f)), even though is also a main

characteristic component, occurred in small percentages in

all samples. Paullinia (Figure 3(h)) was observed in most

samples, however in small quantities. Senna (Figure 3(b))

occurred in 5 samples with varying percentages. Other

pollen types that were expressive, although present in

few samples, were Alchornea (Figure 3(a)), Combretum

(Figure 3(c)), Euterpe/Syagrus, Faramea, Piper (Figure 3(g)),

and Solanaceae type 2 (Figure 3(i)) (Table 2).

4. Discussion

The species found in the State Park of Pedra Azul forest

[14] include Alchornea triplinervia, Andira sp, Annona

sp, Astronium graveolens, Cariniana estrellensis, Carpotroche

brasiliensis, Cedrela sp, Didymopanax morototoni, Erythoxyl-

lum subssesilis, Euterpe edulis, Faramea sp, Fuchsia regia,

Geonoma schottiana, Guapira opposita, Melanoxylon sp,

Miconia inaequidens, M. latecrenata, Myrsine coriaceae , M.

parvifolia, M. umbellata, Nectandra sp, Ocotea sp, Rollinia sp,

Senna sp, Serjania sp, Schizolobium sp, Solanum sp, Solanum

capsicoides, Sorocea ilicifolia, Tabebuia sp, Tibouchina sp,

and several species of the Myrtaceae family (mainly Myrcia
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Table 2: Pollen types observed in the pollen sediment storage in the beewax pollen pots of Melipona capixaba.

Samples
Total of pollen

types
Main pollen types

FCO 11

Eucalyptus (85.3%)

and Tibouchina

(9.4%)

JV1 6 Eucalyptus (96.1%)

JV2 9 Eucalyptus (95.7%)

JV3 6 Eucalyptus (96.6%)

EM4

JOV5

8

5

Tibouchina (87.8%)

and Solanaceae type 2

(8.4%)

Eucalyptus (87.9%)

and Tibouchina

(10.3%)

JOV6 8
Eucalyptus (87.2%)

and Senna (8.9%)

JOV7 8 Eucalyptus (91.4%)

FC8 13

Eucalyptus (75.4%),

Senna (11.9%) and

Myrcia (6.6%)

JV9 16

Eucalyptus (53.4%)

and Tibouchina

(28.6%)

JV10 14

Eucalyptus (59.5%),

Tibouchina (13.9%),

Combretum (8.2%)

and Myrcia (6.5%)

Pollen types with minor importance

(<5%)

Arecaceae type 1, Faramea, Myrcia

,

Myrsine, Senna, Serjania , Solanum,

Solanaceae type 1 and Solanaceae type 2

Fabaceae type 1, Faramea, Tibouchina,

Myrcia and Paullinia

Alchornea, Faramea, Tibouchina, Mimosa,

Myrcia, Myrsine Paullinia and Sida

Faramea, Mimosa scabrella, Myrcia,

Paullinia and not identified type 1

Eupatorium, Faramea, Myrcia, Paullinia,

Desmodium and Vernonia

Arecaceae type 1, Fabaceae type land

Myrcia

Alchornea, Crotalaria, Tibouchina,

Myrcia, Paullinia and Vernonia

Alchornea, Cassia, Tibouchina, Paullinia,

Myrcia, Fabaceae type 1, and not

identified type 2

Euterpe/Syagrus (2.4%), Eupatorium,

Paullinia, Tibouchina, Combretum,

Anadenanthera, Alchornea, Solanum,

Piper and not identified type 3

Piper (4.7%), Alchornea (3.1%), Myrcia

(2.8%), Paullinia, Aparisthmium,

Faramea, Rudgea jasminoides, Sida,

Myrsine, Senna, Cecropia, Solanum,

Combretum and Cydista heterophylla

Senna (3.0%), Alchornea (2.1%), Faramea

(2.1%), Aparisthmium, Piper, Cydista

heterophylla, Euterpe/Syagrus, Solanum,

Myrsine and Rudgea jasminoides

Classification of the sample

Heterofloral with great

contibution of Eucalyptus and

Tibouchina

Monofloral

Monofloral

Monofloral

Heterofloral with great

contribution of Tibouchina and

Solanaceae

Heterofloral with great

contribution of Eucalyptus and

Tibouchina

Heterofloral with great

contribution of Eucalyptus and

Senna

Monofloral

Heterofloral with great

contribution of Eucalyptus,

Senna and Myrcia

Heterofloral with great

contribution of Eucalyptus and

Tibouchina

Heterofloral with great

contribution of Eucalyptus,

Tibouchina, Combretum and

Myrcia

and Eugenia genera), among others. In the forest outskirts

one can frequently observe Guapira opposita, M. latecrenata,

Erythroxylum ovalifolium, Psychotria hancornifolia, and M.

coriacea. The areas of rocky outcrops present a singular

herbaceous-shrubby stratum with Aechmea sp, Alcantarea

imperialis, Baccharis sp, Epidendrum denticulatum, Fuchsia

regia, Leandra sp, Melinis minutiflora

,

M. inaequidens, M.

latecrenata, Poliavana sp, Polypodium sp, Pseudolaelia velloz-

icola, Tibouchina sp, Vellozia sp, Vernonia sp, and Vriesea

carinata. The glades are characterized by Cecropia sp, Mimosa

sp, Solanum sp, and Solanum capsicoides, with significant

populations of the pteridophyta Pteridium aquilinum and

Melinis minutiflora grass. In the urban gardens are found

bromeliads and orchards (with guava, lime, orange, etc.).

Pasture lands are dominated by Baccharis dracunculifolia,

Bidens pilosa, Borreria verticilata, Chamaessyce prostrata,

Chamaecrista sp, Crotalaria claussemi, Emilia sonchifolia,

Mellines minutiflora ,
Panicum maximum, and Sida sp, among

others. Based on this, it is confirmed that M. capixaba

harvested the polliniferous resources from natives trees,

shrubs, and vines (Alchornea

,

Arecaceae, Cassia, Combre-

tum, Eugenia, Euterpe!Syagrus, Faramea, Myrcia, Myrsine,

Paullinia, Senna, Serjania, several Solanaceae, and Tibouch-

ina), as well as pollen types from native trees not present

in the referred list (Anadenanthera , Aparisthmium, and

Cydista heterophylla). The altered vegetation “Capoeira”

(brushwood, secondary forest) and ruderal (field) plants

were represented by the pollen types Cecropia, Combretum,

Crotalaria, Desmodium, Eupatorium, Mimosa scabrella. Piper,

Sida, several Solanaceae, Tibouchina and Vernonia, apart

from the exotic species of Eucalyptus, and Rudgea jasmi-

noides. In spite of the high richness ofpollen types, the results

demonstrated a similarity between the hives regarding the

preferences of pollen of Eucalyptus, a widely cultivated tree

in the region, and, with less intensity, pollen of Tibouchina, a

common plant in the native forest. The EM4 sample from the

meliponary south Domingos Martins was the only one that

did not show Eucalyptus pollen grains, because it is located in

one of the most well-preserved areas of the region, without

cultivars of this plant in the surroundings. The other areas
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Figure 3: Most frequent pollen types observed in pollen samples from Melipona capixaba food pots, (a) Euphorbiaceae, Alchornea

,

polar

view; (b) Fabaceae, Senna, equatorial view; (c) Melastomataceae, Combretum, polar view; (d) Melastomataceae, Tibouchina

,

polar view; (e)

Myrtaceae, Eucalyptus, polar view, optical section; (f) Myrtaceae, Myrcia, polar view, optical section; (g) Piperaceae, Piper, (h) Sapindaceae,

Paullinia, polar view, surface; (i) Solanaceae, type 2, equatorial view, optical section; Bar = 10 p.

of the meliponaries (JOV, JV, and FC) are more deforested

and replaced by pastures, and are near Eucalyptus cultivars.

The palynological results from this sample showed that in

the presence of native floral resources M. capixaba efficiently

visits and harvest those resources, indicating their original

pollen sources.

Studies based on the visitation of the pollinators of the

flowers of the Atlantic Rainforest concluded that stingless

bees are not specialized visitors in certain plant species. Only

7% of the plants in the Atlantic Rainforest are intensely

visited by native bees; 77% of the plants are visited with

less frequency, and 16% are not visited at all [15]. Analysis

of palynological results in Brazil point to a great variety of

trophic resources and generalized habits of pollen harvesting

by the Meliponini that commonly visit a larger number of

plant species [16]. However, regional studies show that the

Meliponini frequently concentrate the pollen harvest to a

few floral sources [17, 18]. Several studies under natural

conditions in the Tropical Atlantic Domain concluded that

colonies of different species of Melipona frequently searched

floral sources of the trees of families Melastomataceae,

Mimosaceae, Myrtaceae, and Solanaceae, apart from the

genus Cassia of family Caesalpiniaceae [17, 19-21]. The

present study corroborates in great part this tendency as

the families Melastomataceae and Myrtaceae were the most

procured families by M. capixaba for pollen harvest while

families Mimosaceae, Solanaceae, and plants of the genus

Cassia (or Senna), although utilized, were visited to a sig-

nificantly lesser extent.

Selectivity or floral preferences is a behaviour that is

frequently observed among M. scutellaris [22] . Field research

in the northeast Brazil confirmed that it prefers trees of

the Atlantic Rainforest, as well as “Capoeira” vegetation, to

herbs, and that it is rather selective with reference to the

food source [23]. Palynological studies on pollen pellets of

M. scutellaris in forest areas showed that the floral source

preferences depended on the plant species, demonstrating

harvesting selectivity as follows, with decreasing order of

importance: Myrtaceae, Mimosaceae, Anacardiaceae, Sapin-

daceae, Caesalpiniaceae, and Fabaceae [6]. In our analyses,

the selectivity also occurred in relation to the M. capixaba

with the Myrtaceae and the Melastomataceae families as the
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most popular pollen suppliers. Four pollen samples were

monofloral and seven samples were heterofloral with a major

percentage contribution of pollen types from these families.

During the analyzed periods (March, May, and October)

there was a preference of Eucalyptus and Tibouchina, in spite

of other pollen sources in the region. Combretum (in one

sample), Myrcia (two sarnies), Senna (two samples), and

Solanaceae (one sample), also contributed with high pollen

percentages. Other plants, including herbs, were sporadically

visited by M. capixaba.

The search for M. capixaba in Eucalyptus is not a new
fact for the Meliponini as the occurrence of its nectar and

its pollen has been reported dominant or important in the

pollen spectrum of honey and pollen pellets of other species

of Melipona [18, 19, 21, 24, 25]. However, the almost exclu-

sive usage of only one floral resource byM capixaba can put

this species in danger on the absence of this resource, besides

the fact that it cannot offer all the nutritional necessities

needed by the bees. Other research demonstrated that the

pollen nutritional composition harvest by Apis mellifera did

not show a correlation with the pollen type diversity, but

showed a correlation with the predominance of specific

pollen types [26, 27]. These authors pointed as well that

the different floristic compositions have influenced on pollen

pellet quality, and the harvest in different food sources by the

bees is important for obtaining a well-balanced diet. The fact

that the predominant polliniferous source for M. capixaba

was Eucalyptus demonstrates as well an important economic

issue. Nowadays there is some interest in local Eucalyptus

cultivars, but this is not constant, because it depends on

market interest. If in the future Eucalyptus cultivars would

be replaced by any other reason (environmental or economic

importance) and enough native pollen sources to feed

the colonies would be absent it would have a significant

prejudice for the bees, because M. capixaba is restricted

to this montane region within the Espirito Santo’s Atlantic

Forest. Its restriction to this small occurrence area can be

evolutionary related to the local biological characteristics,

as local native flora. The palynological analysis showed the

main pollen sources of native plants for M. capixaba and

thus provided important information for future researches

on the pollination biology, allowing decision making on the

creation of sustainable pastures to these bee.

In conclusion, M. capixaba took advantage of the

polliniferous sources in the forest, especially Combretum,

Euterpe/Syagrus, Faramea, Myrcia, Senna, and several species

of Solanaceae and Tibouchina, indicating its importance as

a pollinator of the native flora, as well as in ruderal plants

(“Capoeira”), even though the characteristic pollen types of

these environments occurred in low percentages. The main

pollen harvest was in Eucalyptus cultivars. The mechanisms

that increased the frequency of utilization ofEucalyptus, even

in natural forest areas, still have to be better understood in

order to clarify the influence of the nutritional quality of this

pollen on its diet. Physiochemical analysis of the pollen from

the Myrtaceae family showed a positive and highly significant

relation of crude proteins in Eucalyptus and, consequently,

a complementary negative relation for total carbohydrates

[26, 27] . Studies should be undertaken to verify the influence

that a diet almost exclusively consisting of Eucalyptus has on

M. capixaba.

In order to guarantee a varied supply of M. capixaba

pollen, it is recommended that the beekeepers and others

interested in its preservation recover affected areas, reforest-

ing with polliniferous native plants that now are known. The

foraging behaviour of the M. capixaba explains important

ecological consequences in terms of persistence capacity of

the species in the environment, as in cases of local extinction

of their preferential native floral sources.
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Sequential transport of plant fragments was studied in the grass-cutting ant Atta vollenweideri. Two competing hypotheses

concerning its occurrence were tested. Based on the “economic-transport hypothesis,” sequential transport occurs because of a

mismatch between load size and ant body size, and it is therefore considered a way to improve size-matching and so the plant

delivery rate. Alternatively, the “information-transfer hypothesis” states that sequential transport improves the information flow

during foraging. By transferring its load, a worker may return earlier to the foraging site so as to intensify chemical recruitment.

To distinguish between these two competing hypotheses, standardized paper fragments that differed either in size or in quality

were presented to workers of a field colony, and sequential transport was quantified. Neither an increase in fragment mass nor

in fragment length influenced the occurrence of transport chains. Sequential transport took longer than transport by a single

carrier. Flowever, the occurrence of sequential transport increased with increasing fragment quality. High-quality fragments were

transferred more frequently and after shorter distances than less-attractive fragments. Taken together, these results strongly support

the hypothesis that sequential load transport has been favoured during evolution because of an improvement in the information

flow during foraging.

1. Introduction

Ant colonies are highly organized societies without central

control, yet with mechanisms that permit workers to respond

to colony needs, and consequently engage in different task

required for colony function such as foraging, nest con-

struction, and brood tending. In addition to simultaneously

coordinated activities such as cooperative food transport and

resource defense [1-3], ants also show serially organized

work, in which a given task is partitioned into two or more

sequential stages, for instance, when a food item or building

material is passed consecutively from one worker to the next.

Several investigations have highlighted details on sequential

processing of material not only in ants [4-8], but also in

wasps [9], bees [10, 1 1 ], and humans [12]. For social insects,

in general, sequential transport was described mostly in the

context of foraging, but also during nest building [13] and

waste transport [14].

Compared to a nonsequential mode, sequential material

processing has several advantages, for instance, a decrease in

both the time and energy required to perform the activity

[12, 15, 16], which may result from a more efficient indi-

vidual performance, or an improved co-ordination between

individuals [9]. A sequential transport of collected material

implies that the task is partitioned among different workers,

and linked by material transfer. Task partitioning is defined

as a process in which one task is split up between different

worker groups, in contrast to division of labor in which

different tasks are performed by different worker groups

[9,13, 16,17].

Leaf-cutting ants of the tribe Attini show both division

of labor [18, 19] and task partitioning to an extraordinary
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extent [20], including different contexts such as foraging [4,

21], trail construction [22], or waste disposal [23]. Sequential

load transport in leaf-cutting ants, involving both direct

and indirect (via dropping) load transfers, has repeatedly

been reported in the literature [4, 5, 21, 24-28], although

the possible adaptive value of such transportation schemes

remains unclear [29].

The question arises why loaded leaf-cutting ants decide

to transfer their fragments on their way to the nest, and

what are the advantages of a sequential load transport.

Fragments might be dropped or transferred if a minimum
transport speed is not met by the carrier [28]. Although it

seems conceivable that loads carried particularly slowly may
eventually be abandoned by the carrier, a low travel speed

does not necessarily indicate that a worker is not capable

of carrying the load, or of walking faster [30, 31]. Travel

speed may be reduced because of trail-marking activity by

the carriers. Or workers may slow down because they try to

pass the carried fragment to an unladen nestmate, and not

because of the burden, thus being able to return to the source

after unloading [5].

It is conceivable that sequential load transport in leaf-

cutting ants may have been favoured because of a faster

load delivery rate. These arguments are the core of the

so-called “economic-transport hypothesis” [25]. It should

be noted that “economic” in this context refers to the

maximization of the transportation speed of a leaf fragment

[32, 33], which at the colony level may result in an increased

overall rate of resource delivery. In fact, maximization of

leaf transportation has been proposed as the adaptive value

of sequential transport in three leaf-cutting ant species that

transfer loads or cache fragments on the ground [4, 5, 28].

In Atta colombica, direct transfer of leaf fragments between

workers indeed resulted in a higher transportation speed

after transfer, but it occurred in only 9% of the transported

fragments. However, transferred fragments did not travel

faster than those not transferred [28]. In another study on

the same species, fragments recovered from a cache were

also transported back to the nest more slowly than singly-

foraged leaf fragments, leading the authors to argue that

“leaf dropping, and, therefore, the switch to task partitioning

is not in itself adaptive” [26]. In the grass-cutting ant Atta

vollenweideri, transport time of single fragments carried

sequentially was 25% longer, in average 8 min longer, than

that of fragments carried to the nest by single workers

along a 28m-trail [25]. Thus, in terms of foraging time

and material transport rates, sequential load transport in

Atta vollenweideri was less efficient than transport by single

carriers.

Based on these results, an alternative hypothesis was

advanced to account for the occurrence of sequential trans-

port in grass-cutting ants [25]. It was argued that sequential

transport was favoured during evolution as a way to enhance

the information flow among foragers, thus leading to a

quicker buildup of workers at particular harvesting places,

and to an increased overall rate of resource transportation.

These arguments are embodied into the “information-

transfer hypothesis” [34-36], which states that at newly

discovered food sources, foraging ants compromise their

individual transport rates of material in order to return early

to the colony for information transfer. Foragers’ performance

as food carriers is, therefore, reduced, but the colony as

a whole increases its harvesting rate due to the workers

that gained information and participate in the collective

gathering activity [29, 31]. Based on the information-

transfer hypothesis, the behavioural response of dropping or

passing fragments in the grass-cutting ant, Atta vollenweideri,

may have been selected for because of its positive effect on

the information flow, rather than because ofan improvement

in the economics of load-carriage [25]. The importance

of information transfer seems apparent when the colony-

wide foraging patterns of leaf-cutting ants are considered.

Foraging trails can exceed 100 m in length [18, 37] and are

characterised by strong branching into several side trails.

Thus, outgoing workers have to choose between several

bifurcations leading to different food patches. Sequential

load transport could enhance information transfer in several

aspects. By dropping a load at a trail bifurcation, successful

workers may be able to return to the foraging site earlier

following a freshly deposited pheromone trail and to chem-

ically reinforce that trail sector much stronger than if they

walk all the way to the nest, thus enhancing recruitment.

Furthermore, fragments dropped on the trail, or being

carried along it, may themselves act as information cues

about what plant is currently harvested [38-40].

Up to now, both the information-transfer and the

economic-transport hypotheses remain at the descriptive

level, as no predictions of one of them have been experi-

mentally addressed. For instance, if sequential load transport

speeds up leaf transport, it should be expected to occur

when the transporting ants move too slowly because of

their burden, for example, when ants carry relatively large

fragments. Based on the information-transfer hypothesis,

sequential load transport is expected to occur more fre-

quently under conditions in which information is worth

transferring, for instance, upon the discovery of high-quality

resources or when the colony is starved [31, 36, 41]. Grass-

cutting ants provide a particularly well-suited system for

studies of sequential transport during foraging because ants

harvest monocotyledonous plants near the ground [42], so

that the whole process of cutting at the source until reaching

the nest can be observed and experimentally manipulated.

The aim of the present study was to investigate the

variables that trigger sequential load transport in the grass-

cutting ant Atta vollenweideri, and to test predictions of the

two competing hypotheses presented above. Based on the

arguments of the economic-transport hypothesis, fragment

dropping (or transfer) by foragers occurs because of a

mismatch between load size and body size at the individual

level. Chains are, therefore, considered as a way to maximize

the delivery rate of the collected loads. The probability

of occurrence of sequential transport would, therefore, be

expected to strongly depend on fragment size, and not

necessarily on fragment quality, and should be higher for

larger fragments that are difficult to carry. Alternatively, the

information-transfer hypothesis states that the behavioral

response of transferring fragments has been selected for

because of its positive effect on the information flow



Psyche 3

during a foraging process. This hypothesis predicts that the

formation of a transport chains should strongly depend on

fragment quality rather than on fragment size. To distinguish

between the different predictions, workers from an Atta

vollenweideri field colony were presented with standardised

paper fragments that differed either in size or in quality. The

occurrence of transport chains was quantified by following

marked grass fragments all their way to the nest and by

recording when, where, and how fragments were transferred

between carriers.

2. Methods

Field experiments were conducted at the biological field

station of the “Reserva Ecologica El Bagual” in Formosa

province, Chaco region of north Argentina, on a large

mature colony of Atta vollenweideri. A single large colony

was used because field colonies in the area varied greatly in

size and worker-size distribution, making a standardization

of size matching between load and worker sizes difficult

to achieve. Ant foraging activity was strictly nocturnal,

so that headlamps covered with a red filter were used

for observations. Foragers showed no signs of disturbance

because of the light.

The effects of load size on the occurrence of sequential

transport were investigated on a natural trail of approxi-

mately 50 m length, at the end of which ants harvested a

variety of grass species. Foraging ants were offered paper

fragments of three different sizes, which were placed in the

middle of the trail, at 26 and 33 m from the nest, over

eight consecutive nights. Fragment sizes were chosen so as

to separate the effects of load length and load mass on

transport speed. Fragments differed either in length or in

mass, but not in width, which was held constant at 3 mm,
as follows. “Short” fragments were 15 mm long and weighed

in average 4.25 mg. “Long” fragments were 30 mm long with

an average mass of 8.5 mg. Finally, “double” fragments were

made by sticking two wet fragments together, forming a

short double fragment of 15mm in length, and an average

mass of 8.5 mg. It is known that for fragments of similar

mass, fragment length had a marked negative effect on

manoeuvrability during transport and, as a consequence,

on material transport rate [43, 44]. Fragments were cut

out of standard paper (80g/m2
), soaked with orange juice

for at least one hour, and then dried. In order to increase

the acceptance of the paper fragments presented on the

trail, we additionally placed an artificial “paper plant” 20 cm
beside the main trail. It was created by soaking paper stripes

of 15 cm length in orange juice, and by putting the stripes

into a small plastic vial that was “planted” on the ground, as

previously described [25]. Ants readily cut fragments from

the paper plant and dropped them on the trail as observed

for natural grass plants. During the measurements, however,

only the offered, previously cut fragments were monitored.

Such fragments were identified with pencilled marks and

placed on the trail. After retrieval by workers, fragments

were followed all their way to the nest. The occurrence

of sequential transport, the transport time, the transport

distance by each involved worker, as well as the “waiting

times” of fragments, that is, the time a fragment was left

on the trail before being retrieved by another worker, were

recorded for each individual fragment. For those fragments

transported sequentially, the total transport time included

travel time, handling time by the foragers, and waiting times

of the fragment. The workers involved in the sequential

transport were collected after having passed their loads, and

weighed (wet mass) at the nearest 0.1 mg.

The effect of food quality on the occurrence of sequential

transport was investigated by presenting ants on a foraging

trail, as described above, with paper fragments of constant

size but different quality, as follows. Paper fragments were

previously added either with pure orange juice (henceforth

“orange fragments”), with a solution of 15% tannin in

orange juice (henceforth “tannin-orange fragments”), or

with a solution of 10% tannin in water (henceforth “tannin-

water fragments”). Tannin is a natural plant secondary

compound that has been shown to negatively influence

leaf-cutting ant foraging and to inhibit the ant symbiotic

fungus [45-47]. Fragments impregnated with these solutions

are, therefore, expected to differ in quality and vary in

their acceptance by the ants. Differences in acceptance

were measured prior to the experiments by presenting

simultaneously one fragment of each quality on the trail at

20 m from the nest, and by recording which one was taken

first (see results). A trail that bifurcated into two branches

at 31 m from the nest was used for the quality experiments.

On the two arms, at 33 m from the nest, ants were presented

with fragments of a given quality, that is, two different

fragment qualities could be tested each experimental night.

Initially, orange and tannin-orange fragments were offered

over four consecutive nights, with the side of presentation

alternating each night to control for potential side effects.

In the following two nights, ants were presented in the same

manner with orange fragments and tannin-water fragments,

but due to methodological difficulties, only tannin-water

fragments could be followed. All fragments were 20 mm
long, 3 mm wide, and averaged 9 mg in mass. Again, “paper

plants” of the respective quality were presented 20 cm beside

the trail, yet only the experimental, previously cut fragments

were followed. A total of 41 orange, 42 tannin-orange, and

35 tannin-water fragments were followed all the way to the

nest.

3. Results

3.1. Behaviour of the First Carriers. The occurrence of

sequential transport strictly depends on the behaviour of the

first worker that collected a fragment. Sequential transport

occurred when this “first carrier” transferred its fragment

directly to an outgoing nestmate that then turned back and

run loaded to the nest, or when the first carrier dropped

the fragment on the trail, and it was collected and further

carried by another worker. Single first carriers were gently

marked with a small dot of Edding 780 paint marker while

collecting one orange paper fragment close to the “paper

plant”, on a side trail 1 m after a trail bifurcation, and its

behaviour monitored (n = 16 carriers were observed).

Observations lasted at least 45 to 60 min, or until the carrier
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entered the nest. All first carriers were observed to continue

foraging at the location where they had initially collected

their first paper fragment, to deposit the fragment after a

given distance, and to retrieve at least one further fragment.

Most of them collected one or two additional fragments

prior to entering the nest and were possibly at the end of

their daily foraging period. Seven workers collected more

than five further fragments and started to walk back once

more to the patch during the observation time. Thus they

were still within their foraging period when they were caught

(Figure 1). Seven carriers returned to the nest during the

observation time, and only one worker switched to another

foraging site and continued foraging but collected small

natural sticks.

Most first carriers did not cut any fragments, with

the exception of two workers that cut one fragment each

out of the paper plant after having collected several paper

fragments. Regarding the load transfers, 36% of them

occurred when the carrier reached the main trail. For those

that continued to walk along the main trail, there was no

preferred location for passing or dropping the fragments,

that is, workers did not walk a fixed distance before fragment

transfer. Even the distances covered by individuals that

retrieved several fragments varied considerably. There was

neither a relationship between ant body size and number
of fragments retrieved (Spearman Rank Correlation Test:

y = 2.9 + 0.05x, r
2 = 0.02, R - 0.2, n = 16, P = .6,

NS) nor with the walking distance before fragment transfer

(y = 2.4 - 0.008x, r
2 - 0.002, R = 0.06, n = 68, P = .7, NS).

3.2. General Description ofSequential Transport. Most trans-

port chains consisted of two or three carriers, but occasion-

ally up to five foragers were involved. When not directly

transferred, fragments were dropped in the middle of the

trail. Ants neither preferred certain places on the trail for

dropping fragments, nor did they build up piles or caches at

a given location. Dropped fragments attracted unladen for-

agers and were readily collected. Waiting time of fragments

dropped by first carriers were significantly shorter than that

of fragments deposited by us with forceps, suggesting that

previously transported fragments had some chemical marks

as a consequence of their handling by workers (waiting

times of fragments deposited by first carriers, all fragment

sizes pooled, mean ± SD:44 ± 88 sec, n = 114; untouched

fragments: 139 ± 166 sec, n = 141; U-test: U = 2412, Z =

7.2, P < .001).

With regard to the mode of fragment transfer, 29%
(range 14-54%) of all fragments were transferred directly

between the first and second carrier, that is, most of the

transfers were indirect, via dropping. The ratio of direct

transfers to the total number of transfers was independent

of both fragment size and food quality (Chi-Square-Test:

P > .05 for all pairs).

Based on direct observations, it was difficult to reveal

what variables triggered a direct transfer between workers.

In some cases, the first carrier was observed to reduce its

walking speed and to move very slowly until a nestmate

approached and took the fragment. In other cases, the

carrier kept approaching unladen nestmates coming from

Number of additional fragments collected

Return to nest

I I Continue foraging

Figure 1: Number of additional fragments collected by the first

carriers in a transport chain after the first fragment was dropped

or directly transferred. Black bars indicate foragers that returned to

the nest with a fragment during the observation time. White bars

indicate foragers that continued to forage and returned to the patch

at the end of the observation time.

the nest, whereby it rather meandered along the trail instead

of walking straight ahead towards the nest. Additionally,

unladen nestmates were observed to approach the first

carrier, to antennate the fragment and then to take it. Several

times, the two ants were observed to struggle for one or two

minutes until one of them took the fragment.

3.3.

Fragment Size and Sequential Transport. The probability

of occurrence of sequential load carriage was independent

of the size of the transported fragments (Figure 2). Fifty-

five percent of the short fragments {n = 47), 69% of the

double {n = 52), and 57% of the long fragments {n = 46)

were carried sequentially, these figures being not statistically

different (Chi-Square -Test: P > .2).

As Atta workers are highly polymorph, the body size

distribution of the different task groups (single, first, and

last carrier within a transport chain) was compared, in order

to elucidate whether the position along a transport chain

was influenced by body size (Table 1). For all fragment types

presented, the first carriers in a transport chain were smaller

than the last carriers. First carriers were also smaller than

single carriers, that is, those that transported the fragments

all the way to the nest, for long and short fragments,

but not for double ones. Body size of single and last

carriers did not differ statistically. Furthermore, first carriers

of long fragments were larger than first carriers of short

fragments (Hi,52 = 10.9, P < .005), and the same was

true for last (Hi,50 = 9.7, P < .005) and single carriers
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Fragment type

Figure 2: Occurrence of sequential load transport when ants were

offered paper fragments of different size but similar quality (see text

for Chi Square statistics).

(Hi, 39 6.4j P .05). Thus, the size of the carriers nr a

transport chain depended on both their position within it

and the size of the carried load.

The distance each fragment was carried by the first car-

rier until transfer did not depend on fragment size (Figure 3;

mean ± SD: short: 8.2 ± 7.2 m; double: 7.0 ± 6.0 m; long:

11.9 ± 9.9 m; Kruskal-Wallis-Test: FC.ss = 2.9, P = .2,

NS). Transfer distance was also independent of ant body

size: for short and long fragments, a relationship, though not

significant, between body mass of first carriers and walked

distance was found, but the sign of the correlation differed

between the two groups. No correlation was found for the

double fragments (Spearman Rank Correlation Test: long:

y = l.Ox - 0.6, R = 0.39, t = 2.09, n = 26, P = .05, NS;

short: y = -0.3% + 10.5, R = -0.41, t = -2.02, n = 24,

P = .06, NS; double: y = —0.2x + 9.9, R = -0.24, t = -1.41,

n = 34,P = .2, NS).
"

The transport time of fragments carried sequentially

along 33 m was significantly longer than that of fragments

carried by a single carrier all the way through, with

differences ranging form 9 to 18 min (Figure 4, mean ±
SD; short fragments: 30 ± 18 min (single carrier), 44 ±
23 min (transport chain), U = 103, Z = 3.5, P <

.001; double fragments: 32 ± 9 min (single carrier), 41 ±
14 min (transport chain), U = 174.5, Z = 2.3, P < .05;

long fragments: 31 ± 11 min (single carrier), 49 ± 27 min
(transport chain), U-test: U = 86.5, Z = 4.0, P < .0001).

3.4. Fragment Quality and Sequential Transport. The frag-

ments of three different qualities initially presented as a

choice on the trail were indeed ranked by the ants. Workers

took first the orange fragments in 56% of the cases, the

tannin-orange fragments in 28%, and the tannin-water

Short

Double

Distance walked by the

brst carrier until transfer (m)

Long

Figure 3: Distance at which first carriers in a transport chain

transferred their fragments, for the three different fragment sizes

assayed. Bars indicate how many loads were transferred within a

distance category (bin width 2 m). Fragments were offered and

collected at “0 meters,” and 100% refers to all transferred fragments

of a given size. Trail length was 33 m. Transport distance for loads

of different size did not differ significantly (statistics in text).

fragments in 16% of the cases (Chi-Square Test, P < .05 for

all pairs, n = 39). Thus, orange fragments were clearly the

most preferred ones.

Sequential transport occurred significantly more often

for the most preferred fragments (orange) than for the two

others (Figure 5), that is, 81% of the orange fragments {n =

41), 57% of the tannin-orange fragments (n = 42), and

40% of the tannin-water fragments (

n

= 35) were carried

by transport chains (Chi-Square Test: orange versus tannin-

orange: P < .05; orange versus tannin-water: P < .0005;

tannin-orange versus tannin-water: P - .2, NS). These

values correspond to all fragments presented over the entire

experimental period.

Fragment quality also affected the distance the first

carrier walked before transferring the carried fragment. The

highly attractive orange fragments were transferred after a

significantly shorter distance than the less attractive tannin-

orange fragments (Figure 6; mean ± SD; orange: 6.1 ± 7.2 m;

tannin-orange: 12.6 ± 9.9 m; H3,57 = 7.6, P < .01). Thus,

highly attractive fragments were transferred more often

(Figure 5) and after shorter distances (Figure 6) than less

attractive fragments. In addition, if only the direct transfers

are considered, the place where they occurred significantly

depended on the fragment quality. Orange fragments were

directly transferred after distances much shorter than those

at which tannin-orange fragments were directly transferred

(mean ± SD: orange: 6.9 ± 5.5 m, n = 8; tannin-orange: 21.2

± 6.2 m, n = 6; = 7.4, P < .01). As for the fragments
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Table 1: Body mass (mg) of carriers in a transport chain and single carriers that transported fragments of different sizes: short, double or

long fragments. Data are means ± SD; N numbers in brackets. Comparisons after Kruskal-Wallis-ANOVA.

Short fragments Double fragments Long fragments

First carrier 8.7 ± 4.5 (26) 11.4 ± 6.1 (35) 12.7 ± 4.2 (25)

Last carrier 13.7 ± 9.3 (25) 15.5 ± 7.1 (36) 19.3 ± 10.7 (26)

Single carrier 12.1 ± 4.0 (18) 14.0 ± 7.6 (16) 16.7 ± 5.1 (21)

Kruskal-Wallis-ANOVA: 34(2,69)
= 12.1 33(2,87) = 7.7 33(2,72) = 10.3

P < .005 P < .05 P < .01

Paired comparisons:

First vs. Single 33(1,44) — 8.4 33(1,51) = 1-4 33(1,47) = 5.8

P < .005 NS P < .05

First vs. Last 33(i,5i) — 8.8 33(1,71) = 7.2 33(i,5i) = 8.8

P < .005 P < .01 P < .005

Single vs. Last 33(1,43)
= 0.002 33(1,52) = 1.8 33(1,46) = 0.3

NS NS NS

Short Double Long

Fragment type Fragment quality

Single carrier

I I Transport chain

Figure 4: Transport time (mean ± SD) offragments transported by

one carrier all the way to the nest (black bars) or by a transport chain

(white bars). Transport time includes handling time of foragers and

waiting times of a dropped fragment until transport was continued

(statistics in text).

of different size, the distance walked by the first carriers until

the transfer was independent of their body mass (Spearman

Rank Correlation Test: orange: R = -0.16, n = 32, P = .4,

NS; tannin-orange: R = -0.38, n = 23, P = .07, NS).

3.5. Load Transport in Other Contexts: Collection ofDry Plant

Fragments and BuildingMaterials. Under natural conditions,

not only freshly cut grass fragments are transported back

to the nest along foraging trails, but also fallen, dry plant

Figure 5: Occurrence of sequential load transport when ants were

offered paper fragments of similar size but different quality. Bars

sharing the same letter are not statistically different (see text for Chi-

Square statistics).

fragments and twigs used as building materials to stabilize

the nest structure. Such alternative scenarios allow the

analysis of sequential transport in contexts other than the

foraging one and may shed light on the benefits provided by

a sequential load transport in more general terms. Detailed

observations of fragment transport were performed at the

study site both after a prolonged dry season, when colony

foraging was reduced and workers mostly collected fallen

plant fragments, and later after heavy rains, when workers

moved along the trail and collected twigs, fallen fragments

and even soil crumbs that were dropped around the nest

entrances as building materials [48].
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2 4 6 8 >8

Distance walked by the

first carrier until transfer (m)

Orange

I l Tannin-orange

Figure 6: Distance at which first carriers in a transport chain

transferred their fragments, for the different fragment qualities

assayed. Bars indicate how many loads of a specific quality were

transferred within a distance category (bin width 2 m). Fragments

were offered and collected at “0 meters,” and 100% refers to all

transferred fragments of a given quality. Trail length was 33 m.

High- quality fragments were dropped at a significantly shorter

distance than low-quality fragments (statistics in text).

When collecting fallen, dry plant fragments, workers

moved in small numbers on the trails (in average 7 loaded

ants per minute), and laden ants were observed to carry

their loads all the way to the nest, along a 15 m trail. No
sequential transport of loads occurred {n = 45 fragments

were followed). Although no direct comparisons with highly

active colonies could be made, a previous study reported

that 36% of the fragments harvested from the sedge Cyperus

(and 16% of the collected paper fragments) at 10m from the

nest were transported sequentially [25]. After heavy rains,

workers collecting wet plant fragments and twigs as building

materials, 11m away from the nest, transported them all the

way to the nest without transfers {n - 50 loads observed).

Workers moved in large numbers on the trail, comparable to

a foraging context (in average 21 loaded ants per minute).

They did not incorporate the building materials into the nest

but dropped all them at the nest entrance.

4. Discussion

The present study tested predictions of two competing

hypotheses concerning the adaptive value of sequential load

transport in grass-cutting ants, Atta vollenweideri. In general

terms, sequential transport via so-called “bucket brigades”,

in which all fragments and workers are always on the move,

is expected to enhance the performance of individuals, so

that workers are more likely to become specialists and

thus more efficient [12, 17]. True bucket brigades may in

addition reduce queuing delays at both the source and

destination, resulting in a higher group’s overall rate of

resource transportation [8, 13]. In fact, an increased rate

of load delivery has been proposed as the main benefit

of sequential transport for several ant species [4-6, 28].

However, in the ants Atta vollenweideri and Anoplolepis

gracilipes , sequential transport took longer than transport by

a single carrier all the way through (the present study and

[25, 49]). In Atta, this resulted from delays associated with

the careful lying down of the carried fragment, the waiting

time until retrieval by another worker, and the subsequent

handling time. Sequential load transport was therefore time

consuming and resulted in a lower material transport rate

than the nonsequential mode.

In the framework of the economic-transport hypothesis,

fragments should be transferred whenever the carrier experi-

enced a reduced transport speed, either because the fragment

is too large for the carrying ant or the ant too small for the

carried load. The present results, however, do not support

this prediction, as neither an increase in fragment mass nor

in fragment length affected the probability of occurrence of

transport chains, even though they are known to markedly

affect transport rates [43, 44] . Because of stability constraints

[44], larger loads should in addition be transferred after

a shorter distance than lighter ones, yet this was not the

case. Finally, if fragments should be transferred because of

a mismatch between body and fragment size, fragments of

a given size carried by small workers should be dropped at

shorter distances than those carried by larger workers, yet

there was no significant relationship between these variables.

On the contrary, observations of the first carriers revealed

that a high percentage of loads were transferred after the

carrier reached the main trail, suggesting that the perception

of a strong chemical trail, or the interactions with nestmates,

triggered the load transfer [5, 50]. Taken together, the

available data on the relationship between fragment size and

occurrence of sequential transport do not provide support

for the predictions of the economic-transport hypothesis.

Interestingly, first carriers were smaller than last carriers

in a transport chain, as also reported for other ant species [4-

8, 49], and also smaller than single carriers that transported

the fragment all the way to the nest. This appears a

priori to support the arguments of the economic-transport

hypothesis, that is, fragments might be initially dropped

because the first carriers were too small for the task to be

efficiently performed. However, ants may drop the fragment

not because they are too small for the task, but because they

restrict their work on a short trail segment. Observations on

the behaviour of foragers collecting dropped fragments make
very unlikely that most of them (up to 100% of the orange

fragments in our experiments) “erroneously” collected frag-

ments they were unable to carry because of their size, thus

needing to drop them after a short distance. Foragers seem to

be very selective when collecting dropped fragments; workers

were observed first to try to lift the load, before they either

abandon the fragment and search for another one or take

it up for carriage. And more important, why should small
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workers drop high-quality fragments more often than low-

quality ones, if their decisions are based alone on fragment

size and are the result of a mismatch between load and body

sizes? The arguments of the economic-transport hypothesis

fail to provide a compelling explanation.

Fragment quality was observed to markedly affect both

the probability of occurrence of sequential transport and the

distance walked by the first carrier before transfer. The first

carriers transferred very attractive fragments more often, and

after a shorter distance than less attractive ones. Intuitively,

one would expect a worker carrying a high-quality fragment

to be more motivated to carry it all the way back to the nest.

So why should carriers transfer their fragments? Observa-

tions on the subsequent behaviour of the first carriers, as

described in this study, may shed some light on this issue.

All first carriers continued foraging, and all but one returned

to the exact place where they collected the first fragment.

Dropping or passing a load at the main trail after having

carried it for a short distance has several consequences. First,

fragment dropping after a given distance may allow workers

to quickly go back to the harvested plant, making it easier

for them to find the source again by following the freshly

deposited pheromone trail. Moreover, an early return to the

source may shorten the time needed to update information

about the discovery, analogous to the reduction of dead

time in a control system, thus allowing workers to switch

to alternative resources whenever needed. Second, moving

along a short-trail sector may enable workers to locally

reinforce the pheromone marking better than after walking

all the way to the nest, leading to a quicker establishment

of a foraging column and a faster monopolisation of the

discovered source, as demonstrated for foragers of the leaf-

cutting ant, Atta sexdens [5]. It is important to note that

field foraging trails can commonly exceed 50 m in length.

In our experiments, ants usually needed 30 to 60 min to

walk along the 33 m to reach the nest. This means that one

single roundtrip would last one or two hours. In contrast,

the observed first carriers managed up to 13 roundtrips per

hour by foraging just on their short trail section.

Leaf- and grass-cutting ants forage along well-defined

trunk trails leading to the harvested trees (in case of leaf

cutters) or grass patches [4, 18, 37, 51]. Trunk trails split

up into several side branches, and foraging patches are not

necessarily located directly beside a trail nor are they defined

spots. This means that between patch and main trail, a

distance without or with a poorly defined trail has usually

to be covered, thus making the finding of a newly discovered

source difficult. A. vollenweideri ants, like other leaf-cutting

ants [52, 53], usually did not deplete sources, but switched to

other plants within a few days (personal observations). The

reasons for this behaviour remain unclear. Rapid induction

of secondary deterring components in the harvested grasses

may be involved [54], but no studies have been carried out to

investigate this phenomenon. Hence, the dynamic pattern of

trail use and the strong branching of the existing trails may
have favoured the evolution of a system that allows quick

information transfer.

In the context of information transfer, fragments

dropped on the trail may in addition act as “signposts.” It

has been shown that leaf-cutting ant foragers learn the odors

of the harvested resources [39, 40], and that the foragers’

choices once at the patch depend on the material that is

currently transported on the trail by their nestmates [38, 50]

.

The odor of the carried fragments, or of those found on

the trail, might function as stimulus for olfactory learning.

In fact, as soon as a worker started to lay down its load,

outgoing nestmates coming from the nest were strongly

attracted to it. Most foragers, even those that continued on

their way to the cutting site without a load, were observed

to antennate the dropped fragments they encountered on

the trail. Thus, outgoing foragers may obtain information

about the harvested resources both by contacting laden

nestmates along the trail and by finding dropped fragments

on it. This information may stimulate them to search for

the experienced plant species, thus leading them from the

trail to the newly discovered plant. Such an active search for

information about the loads being transported was described

for Atta cephalotes as early as 1929 by Lutz [32], who
observed “frequently, a returning laden forager is stopped

momentarily by an outgoing nestmate which is apparently

interested in what is being carried.” The shorter waiting times

of fragments that had been carried by workers, compared

to those of “naive” fragments deposited by us on the trail,

strongly suggests that dropped loads may have in addition

been passively or actively marked by the ants.

We hitherto discussed scenarios that may have lead

to the evolution of sequential transport in ants, yet, at

the proximate level, the question about what triggers load

transfer remains open. Our results provide no indication that

load size or ant body size influenced the workers’ decision to

transfer their loads. The obtained correlations between body

mass and covered distance were weak, sometimes of different

sign, and showed in addition high variation. Moreover,

individually marked ants dropped their loads in successive

trips at very different distances. As mentioned above, a low

transport speed because of a mismatch between load and

body size was proposed to trigger fragment transfers in

Atta colombica [28]. We did not record transport speed but

measured the total time spent by each carrying ant, including

handling times, interactions with nestmates, and so forth.

Considering that the trail structure changes very much with

distance, that is, trails are generally narrower, less cleared of

vegetation, and with obstacles further away from the nest,

average walking speed over the complete distance does not

seem to represent a useful measure. More importantly, we
often observed foragers walking very slowly or even stopping

walking before dropping a load. These ants started at the

source with a higher speed and then reduced their speed

on the way, suggesting that they would have been able to

continue walking at the same pace. The observed reduction

in speed was often accompanied by a continuous approach

to unladen nestmates, and a typical zig-zag walking pattern

from one trail side to the other. Therefore, it could be

argued that ants walked slowly because they were going to

drop their loads, instead of that they dropped their loads

because the burden forced them to walk at a slow pace. In

addition, ants covering the section from the patch to the

main trail were possibly involved in trail-marking, which



Psyche 9

may also have slowed them down. Further conditions that

were shown to cause fragment dropping in leaf-cutting

ants under laboratory conditions, such as “bottle necks”

during transport [20, 21], were absent in our field study.

There were in addition no specific dropping places that

could have triggered dropping via positive feedback or the

presence ofpheromone marking [21], since the short waiting

times of dropped fragments prevented the formation of

piles. One possible trigger could be the interaction with

unladen, outgoing workers, but this aspect needs further

investigation.

Summing up, the present study demonstrated that

neither an increase in fragment mass nor in fragment

length alter the probability of occurrence of sequential

transport. In addition, sequential load transport took longer

than transport by a single carrier. Flowever, the frequency

of occurrence of sequential load transport increased with

increasing fragment quality, independently of fragment size.

High-quality fragments were not only transferred more

frequently but also after much shorter distances than less

attractive ones, which suggests that sequential transport

is driven by the need to transfer information about the

discovery. The lack ofoccurrence of sequential load transport

in two other contexts that are not necessarily associated with

high information demands, that is, the more opportunistic

collection of fallen dry plant fragments or building materials,

provides indirect support for the hypothesis that a sequential

load transport in grass-cutting ants has been favoured during

evolution because of an improvement in the information

flow during foraging.
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Bees acquire wing damage as they age, and loss of wing area affects longevity and behaviour. This may influence colony

performance via effects on worker behaviour. The effects of experimental wing damage were studied in worker honeybees in

observation hives by recording survivorship, how often and for how long bees foraged, and by decoding waggle dances. Mortality

rate increased with both age and wing damage. Damaged bees carried out shorter and/or less frequent foraging trips, foraged closer

to the hive, and reported the profitability of flower patches to be lower than did controls. These results suggest that wing damage

caused a reduction in foraging ability, and that damaged bees adjusted their foraging behaviour accordingly. Furthermore, the

results suggest that wing damage affects the profitability of nectar sources. These results have implications for the colony dynamics

and foraging efficiency in honeybees.

1. Introduction

The lifespan of worker honeybees (Apis mellifera ) has been

reported as ranging from two to four weeks in the summer

[1,2] while overwintering bees that rarely leave the hive can

live for several months [2, 3]. The foraging period, defined

as the length of time from the first foraging trip to death, is

between seven days and two weeks [2, 4-7], is not affected by

the in-hive length of life before the first foraging trip [4], and

is negatively related to work rate [8], but see [9].

If mortality was always due to effects extrinsic to the

bee (e.g., predation and weather), then the mortality risk

per unit time over a bee’s foraging career would not change.

Indeed, bee foragers appear to experience a constant hazard

rate, as measured by the constant probability of death per

unit foraging time [6]. However, [6] and other studies (see

[8]), used a simple analysis that may not be accurate because

it does not allow for the reduced sample size at older ages

[ 10] . When the same data were analysed using a Weibull plot

and a more appropriate calculation of the hazard rate that

controlled for the skewed data distribution, an increasing

probability of death as foragers aged was apparent [10].

Re-analysis using Weibull plots also showed that increasing

mortality rates during the foraging period were also present

in bumblebee studies that had previously claimed a constant

mortality rate [8].

It has been suggested that the flight machinery of

honeybees has a fixed lifespan [4]. In an experimental study

[11], removing 10% of the wing area in bumblebees results

in such bees having a reduced lifespan, but the cause of

mortality in these cases was unknown. However, the rate at

which the flight machinery reaches some finite limit may be

increased by damage to the wings, since increasing damage

increases the wingbeat frequency [12]. Increasing mortality

risk does not necessarily imply that lifespan is physiologically

limited by the flight mechanisms [4], as age and/or wing
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damage may affect an insect’s ability to avoid or escape

from predators [11]. However, an increasing mortality rate

in the absence of predators and inclement weather has been

observed in bumblebees (Bombus terrestris, [11]), suggesting

some intrinsic limit on lifespan.

If costs increase with age, we might expect bees to change

their foraging strategy as they age. However, there appears

to be no effect of the age of worker honey bees on foraging

distance from the hive [1]. No studies have yet been carried

out on the effect of age on energy use by flying insects

but some have looked at the effects of wing damage. Wing
damage is widespread across all insects [13] and is highly

correlated with age [14-17]. In bumblebees, wing damage

does not seem to affect energy use but does affect wingbeat

frequency [12], because when a wing is smaller it needs to

beat faster to generate more lift, but each beat requires less

energy. Furthermore, wing damage has a negative effect on

lifespan [11]. We have previously [18] proposed that the

foraging lifespan is limited by the number of wingbeats the

wing is capable of performing. If wing damage decreases

lifespan by increasing the rate at which bees reach their

wingbeat limit, then damaged bees may be expected to show

shorter foraging periods, attempt to spend their wing beats

at a slower rate and hence forage less frequently or closer

to the hive, and may travel a shorter distance to forage in

order to maximise the energy gain per wingbeat spent. These

responses may explain such phenomena as the reduction

in foraging efficiency observed after 10 days of foraging

effort [19]. Also, since damaged individuals suffer increased

costs associated with foraging, they may also perceive nectar

sources as less profitable [20].

The current study investigated the effects ofexperimental

wing damage on the foraging decisions of individual worker

honeybees. To look for these effects, observation hives were

established within which individually numbered workers

could be manipulated in terms of wing damage and moni-

tored for variation in foraging period duration and foraging

behaviour. The results show that wing damage reduces

survivorship, foraging trip duration and frequency, and the

distance foragers travelled from the hive. Furthermore, the

results suggest that wing damage might affect the perceived

profitability of nectar sources, as reported by the waggle

dance.

2. Methods

2.1. Experimental Manipulation. Data were collected in

August and September of 2003 and 2004 in the Laboratory

ofApiculture and Social Insects at the University of Sheffield,

South Yorkshire, U.K. Each year, two colonies of 3000-5000

workers, plus queen and brood, were studied in observation

hives. Honeybees were individually marked with coloured

numbered disks (E. H. Thorne Ltd., U.K.) and had their

wings clipped using entomological scissors to simulate wing

damage (see [17]). Most bees were treated at eclosion by

taking brood comb from the hives and incubating until bees

emerged. Bees were introduced back to the hive via a box

attached to the top of the hive separated by gauze. They were

left in the box for several hours (to allow the bees to acquire

the hive scent) before the gauze was removed, enabling the

newly emerged bees to enter the hive. Additional bees were

marked by capturing foragers as they came out of the hive

and chilling them in a domestic fridge for marking and

clipping of wings. These bees were placed back outside the

entrance to their own hive. In 2003, all the bees were marked

when they eclosed, but in 2004, the second and third cohorts

were marked when adult in order to compare the effects of

the time of experimental damage.

There were four treatment groups, to which a total of

855 bees were assigned randomly. Each treatment involved

a different degree of wing damage as follows: Control:

undamaged control, bees were handled in the same way

as other bees but their wings were not clipped; Light

:

light damage, 3-7% reduction in the area of each wing,

and Heavy: heavy damage, 8-17% of each wing. We also

attempted to damage bees asymmetrically but did not

achieve a sufficiently small range of damage and had very

low sample sizes throughout, resulting in unreliable results,

and so these data are not presented. The amount of wing

area removed from each individual was quantified using

a gridded graticule by placing the wing clipping under a

microscope. The wing areas removed were then converted

to percentage wing damage. The area removed per wing per

individual was relatively small within groups and differed

among groups (£3,219 = 30.183, P < .001). The average

percentage wing area removed per wing for the Heavy group

was approximately twice that for the Light group. Three

cohorts of 30 individuals per treatment group were treated

and marked in each hive in each year.

2.2. Behavioural Observations. Between three and five times

a week, marked bees were recorded by noting each bee seen

during a 15 minute scan of the hive through the glass.

This provided data on survivorship, including any bees that

did not forage or were otherwise not observed at the hive

entrance. The entrance to each observation hive was a tunnel

through the outside wall of the building and a box in

which there was a small camera (Micromark MM40010) that

recorded the bees as they entered and exited (Figure 1). The

cameras were linked to video recorders (Matsui TVR 162S)

that recorded on VHS videotape from approximately 1 0.GO-

18.00 h each day of observation to yield the daily time each

bee spent outside the hive and the number of times it left the

hive.

Waggle dances were recorded opportunistically onto DAT
tape using a digital video recorder (Sony DCR TRV 16E)

by an observer watching the colonies from approximately

10.00-18.00 h each day of observation. The cameras were

focused on the dancing area, the half of the lower comb near

the hive entrance and positioned to maintain the dance floor

in full plane view on the screen. The camera was held on a

retort stand and clamp, so was steady but movable. Upon
the observation of a waggle dance by a marked individual,

the camera was moved if necessary to keep the dance in

the centre of the screen. The recording continued until the

focal individual stopped dancing or moved off the dance

floor. Vertical lines 5 cm apart were drawn on the outside
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Figure 1: The camera box that bees must pass though to leave the

hive. Bees are forced in the lower half of the box, under the curved

perspex lid. This design forces all bees entering and exiting the hive

to show their backs (and hence any numbered disc) to the camera

positioned on top of the perspex lid.

of the observation hive in thin permanent marker to enable

calibration of the angle of the dance to vertical.

All recordings were converted to Quicktime (Apple

Computer, Inc., Cupertino, CA, USA) format, and the dances

were cropped from the film. The dances were analysed

using the Videopoint (Lenox Softworks, Inc., Lenox, MA,
USA) path recording software. The program combines a

spreadsheet and video. The user clicks on any part of

the image to record the relevant pixels in the spreadsheet,

yielding coordinates and frame number. Thus, for instance,

clicking on the head of the bee at the start and the end of

the waggle run of the dance would provide the duration and

angle ofthe run. Additionally, clicks before each dance on the

top and the bottom of a drawn line on the outside of the hive

recorded the vertical, to control for imperfect orientation

of the camera. The spreadsheet was entered into Microsoft

Excel where the data were compressed, deleting all the frames

where no click occurred. From the four recorded points (start

of vertical line, end of vertical line, start of waggle run, end

of waggle run), it was possible to calculate the angle of the

waggle run on the honeycomb and its duration. Multiple

waggle runs of the dance by each bee were analysed.

The waggle dance comprises a rough figure of eight

pattern on the comb, with the direction of movement of

the dancer tending to alternate [21]. Three main kinds of

information are passed on to the waggle dance follower [20,

22]. The duration of the waggle run represents the distance

between the hive and the food source, with one second

corresponding to 500-1400 m, with significant variation

between subspecies and landscapes [2, 22, 23]. The angle of

the waggle dance relative to the vertical represents the angle

of the flight path relative to the solar azimuth. The duration

and rate of performing the waggle run, and, therefore, the

time between each waggle run, is related to the profitability

of the food source in that the shorter the time between

waggle runs the more profitable the nectar source [20]. The

mean waggle run duration and direction were calculated for

each waggle dance. The angle of the dance on the comb

was translated by means of a program (Sun 97 provided

by W. F. Towne) that calculated the position of the solar

azimuth at the time of each dance. The frequency of waggle-

run production was estimated as the mean length of time

between waggle runs.

Data were analysed by ANOVA, with normalising trans-

formations as necessary, to check for differences in sur-

vivorship, foraging effort, foraging distance and reported

quality between the treatment groups. Where normalization

was not possible, equivalent nonparametric tests were used.

Hazard rate and Weibull analysis (to assess mortality over

time) followed the procedure detailed in [10]. Hutchinson

[10] suggested that survivorship should be plotted using the

Weibull distribution to see if it differed from an exponential

distribution. If mortality risk is constant, the number of

deaths will be exponential, which yields a gradient of unity

when the Weibull distribution is plotted. Analysis was carried

out in SPSS (SPSS Inc., Chicago, IL, USA) and R (Free

Software Foundation, Boston, MA, USA). Unless otherwise

stated there were no differences between colonies so data

were pooled for most analyses.

3. Results

3.1. Survivorship and Hazard Rate. The first and last occa-

sions on which individuals with known date of eclosion were

noted in the hive and at the entrance provided an estimate

of lifespan. We found that Control bees lived for around 20.5

days on average, whereas experimentally damaged bees lived

for around 18 days, and there was no difference between the

two levels ofwing area removal (Figure 2(a)). The difference

between treatment groups in lifespan was statistically signif-

icant (Kruskal-Wallis test: H 4 = 14.415, P = .006).

The probability of mortality per day (hazard rate) was

initially low at around 0.02 but showed an accelerating

increase as bees age such that for the oldest foragers it was

greater than 0.25 (Figure 2(b)). The hazard rate actually

fits an exponential distribution (Fi ,26
= 45.65, P < .001),

showing a sharp increase in mortality at around 28 days of

age. Furthermore, damaged bees experienced a 50% higher

hazard rate when young, but around a 25% higher hazard

rate when older. These observations are confirmed by fitting

hazard rate models. The data provided a better fit to the

Weibull distribution than to an exponential distribution

(F = 402.6, df = 1, P < .001), implying that the hazard rate

increased over time. Furthermore, a model fitting slopes to

the three treatment groups provided a better fit than a model

that assumed a single slope for all groups (F = 8.99, df =

1, P = .011), but was not a better fit than a model that

fitted a single slope to both the Light and Heavy groups

together (F = 1.515, df = 1, P = .218), implying that their

hazard rates did not differ. That is, both groups of artificially

damaged bees experienced a consistently higher mortality

rate than control bees, but all individuals were subject to an

increasing risk of mortality as they aged.

3.2. Length ofForaging Trip. The 288 hours of video data of

bees entering and exiting the hive were subsampled using

the random number generator in Microsoft Visual Basic
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Control Light Heavy

Treatment

(a) (b)

Figure 2: (a) Mean (±1 SE) lifespan ofworkers in the treatment groups. Bars that share the same letter did not significantly differ, (b) Hazard

rate (probability of death per day) against bee age for Control (closed circles, solid line) and Light treatments (open circles, dashed line).

The lines represent exponential fits of the data (0.0068 e°
lf

, 0.0148 e
0 0861t

, respectively). Only two groups are shown for the sake of clarity

and the curve for the Heavy group did not differ significantly from that for the Light group.

Control Light Heavy

Treatment Treatment

(a) (b)

Figure 3: Mean (±1 SE) (a) duration in minutes and (b) number of foraging trips per bee for each treatment group. Bars that share the same

letter did not significantly differ using post hoc tests.

(Microsoft Inc, Redmond, WA, USA). The data on marked

bees entering and exiting the hive was used to calculate the

duration of 172 foraging trips (up to five for any given bee).

Trips were omitted from analysis (a) ifthey were shorter than

two minutes (31 trips), since it was likely that the bee had

not left the outside tunnel, and (b) if they were longer than

3 hours, since the bee was likely to have been missed when
reentering the hive (8 trips).

ANOVA of trip duration (natural log transformed to

normalise) with colony and treatment group as factors

and date and time of day as covariates showed there was

a difference between the two colonies in the duration of

foraging trips (Fi,i 63 = 3.98, P = .048). There was a positive

effect of date (F\,i63 = 25.92, P < .001), and a negative

effect of time of day (Fi,i 63 = 5.903, P = .016) on trip

duration; trips became longer over the observation period,

and shorter trips were carried out in the afternoon. Trips

carried out before noon were more than twice as long, on

average, as those carried out after 2 pm. Crucially, there was

a difference between the treatment groups in trip duration

(

A

3, 163 = 3.518, P = .016). Trips carried out by Control bees

were almost 50% longer, on average, than those carried out

by Light bees and 17% longer than those carried out by Heavy

bees (Figure 3(a)). To look for potential effects of bee age,

the same analysis was carried out on the bees whose date of

eclosion was known, but there was no effect of age on trip

duration (Fyi23 = 0.406, P = .525). The number of foraging

trips recorded for each bee also differed between treatments

(Kruskal-Wallis test: 18.2, N = 287, P < .001): Heavy bees

performed around 17% fewer trips than Control bees and
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Figure 4: (a) Mean (+ 1 SE) duration of waggle run per dance for each treatment group and whether they were damaged after they started

foraging (open bars) or at eclosion (hatched bars), (b) Mean (± 1 SE) interval between waggle runs per dance ( return run) for the three

treatment groups. Bars that share the same letter did not significantly differ. Heavy bees indicated lower quality nectar sources than Control

and Light bees.

33% fewer trips than Light bees, and Control bees performed

13% fewer trips than Light bees (Figure 3(b)).

3.3. Choice and Perceived Quality of Patches. The observa-

tions provided 828 waggle runs from 164 dances by 132

individuals (up to three dances per bee). ANOVA showed

that there was a difference in waggle run duration between

colonies (£3,152 = 3.11, P = .047) and a difference

between treatment groups (£3,152 = 7.463, £ < .001,

Figure 4(a)): whilst waggle run duration was approximately

equal for the two groups of damaged bees, it was 20%
shorter, on average, than for Control bees. The same analysis

was carried out on the bees whose dates of eclosion were

known, with age as a covariate, but there was no significant

effect of bee age on run duration (£1,75 = 2.427, P =

.123). There was also no difference in waggle run duration

between bees that had been treated at eclosion and those

that were treated after they started foraging (£1,128 =

0.061, £ = .806), but there was a significant interaction

between this factor (time of manipulation) and treatment

group (£3,128 = 3.598, £ = .015), Heavy individuals that

were wing clipped after they started foraging and Light indi-

viduals clipped at eclosion travelled shorter distances than

other groups, whereas there was no difference in distance

between the two times of manipulation for the Control bees

(Figure 4(a)). Wing clipping at eclosure rather than after for-

aging started was associated with a 23% reduction in waggle-

run duration in Light bees, but a 48% increase in Heavy

bees.

ANOVA (using dances where at least three waggle runs

were recorded) was performed on the mean length of time

between runs (normalised by natural logarithms), with

treatment group, colony and time of manipulation (eclosion

or adulthood) as factors, and mean waggle-run duration as

a covariate, the latter to assess whether reported profitability

and distance were related. There were no differences between

colonies (£3,120 = 0.0082, £ = .93) nor an effect of the

time of manipulation (£1,120 = 1-34, £ = .24). There was,

however, a positive relationship between the mean length of

time between waggle runs and mean waggle run duration

(£1,120 = 10.58, £ = .0014); nectar sources further from

the hive were reported to be less profitable. There was also

a significant difference between treatment groups (£3,120 =

4.26, £ = .041); Heavy damaged bees reported lower

profitability of nectar sources (Figure 4(b)). Interestingly,

there was an interaction between treatment and waggle run

duration (£3,120 = 3.93; £ = .05); the slope relating waggle

run duration and time between waggle runs became less

positive as the amount of added wing damage increased

across groups. Hence, while control bees perceived more

distant sources as less profitable, both groups of damaged

bees perceived all sources as less profitable than controls, and

even when nectar sources were at the same distances.

Fifty-three bees were observed both dancing and carrying

out foraging trips, but there was no relationship between

trip duration and waggle-run duration (r53 = -0.051, £ =

.719) or return run duration (r53 = -0.007, £ = .958);

trips to sites further away did not take longer. This might be

unsurprising since bees will spend much more time foraging

within a flower patch than flying to and from the patch.

4. Discussion

The results suggest that experimentally induced wing damage

had deleterious effects on the survivorship and foraging

behaviour of honeybees, and since wing damage is acquired

naturally [13, 17], this has implications on foraging ecology.

Since many other insects acquire wing damage, these effects

may have analogues in an ecologically and taxonomically

broad range of species.

The effects of experimental wing damage on lifespan

expand on the results of other studies. Hutchinson (2000)
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plotted the hazard rate against foraging life duration for the

data of [6] and showed that there was a sharp increase in the

final (80 hour) age group of their bees. This could be because

many bees do not die as a result of predation but do reach

a physiological limit, and this was typically after 80 hours

foraging times in those data [6]. The data in the present

study were based on total lifetime so they include one or two

weeks before the foraging period starts. Therefore, they are

not directly comparable with the foraging period duration

data of [6], but they do show a similar pattern, namely a

sharp increase in hazard rate late in life, after 25 days in our

study. Caution must be exercised in interpretation because

the end of the curve is based on little data, as few bees

are still alive, and so is imprecise [10], but the data suggest

there is a finite limit on foraging performance or lifespan.

As experimentally damaged bees apparently died sooner than

undamaged bees, the results suggest they may have reached

this limit sooner. Since damaging wings is likely to have

required an increase in wingbeat frequency [12] throughout

the bees’ lifetime, the flight mechanisms may have worn out

sooner. If damage simply reduced the ability of bees to avoid

predators, the probability of predation would not change

as the bees aged, so there would have been no increase in

hazard risk over time. We also found that the hazard rate for

experimentally damaged bees increased more rapidly than

that for undamaged individuals, as previously observed by

[11], (reanalysed by [8]), suggesting that damaged bees reach

such a physiological limit sooner.

Similar survivorship curves have been obtained for

several bumblebee (Bombus spp.) species. Estimates ofmean
lifespan vary between 13 and 41 days [9, 24, 25], but all show

increasing mortality rate with age. As [25] state “mortality

rate was nearly constant for the first 14 days of adult life,

after which it increased sharply.” This suggests that there is

a physiological limit on longevity in social insects, and this

is true in laboratory conditions in the absence of weather

or predation [8]; longevity has also been shown to be

inversely related to physical activity in other insects, such as

the house fly Musca domestica [26] and Drosophila [27]. A
limit on flight performance would also explain the inverse

relationship between work rate, or amount of flying, and

longevity of bees [4, 24, 28].

The hypothesis that there is a limit on flight performance

was also supported by the other findings of the present

study. There was no effect of age on the length of foraging

trips or the distance travelled from the hive, in line with

[ 1 ] . However, there were clear effects of experimental wing

damage on trip duration and distance travelled in that trips

and distances were longest for undamaged bees. The finding

that damaged bees travelled shorter distances suggests that

flight is more costly and, therefore, foraging trips are less

profitable at greater distances. It is possible that flight speed

was affected by damage, or that damaged bees took longer

on foraging trips because of a reduction in foraging ability.

Earlier work by us [17] has shown that damaged bees were

less choosy, which may have resulted in poorer gain rates,

and so damaged bees to return to the hive quicker to find

alternative nectar sources. Since there is an effect of the

weight being carried on wingbeat frequency and energy

expenditure [29, 30], damaged bees may be more limited in

how much they can carry.

However, since energy requirement does not increase

with reduced wing area [12], these behavioural responses

cannot be related to energetic efficiency or net rate. Wingbeat

frequency has been shown to increase with reduction in wing

area
[ 12] , so in both deciding on how far to travel, and when

to return to the hive, bees may use a currency of energetic

gain to per wingbeat [18]. This is in line with previous

findings of times of returning to the hive that assumed a

currency of energetic efficiency (net energy gain per unit

energy spent), (e.g., [31]).

These findings also tie in well with our results showing

that undamaged bees reported patches further from the hive

as less worthwhile, which may be because patches further

from the hive happened to be poorer, or because more

costs are incurred in travelling to and from the patch. The

interaction between treatment and distance on profitability

is in line with this. Control bees report more distant patches

as less profitable, but damaged bees report all patches as

less profitable. If it is the case that damaged bees reported

profitability from foraging trips differently from undamaged

bees, it will mean that individual wing damage is likely to

have colony-wide effects on foraging.

The differences between the damage treatment groups

were interesting in that heavily damaged individuals carried

out foraging trips of lengths intermediate between the

controls and lightly damaged but carried out fewer trips. As

they seemed to carry out fewer trips than lightly damaged

individuals, it appeared that light damage caused shorter

but more frequent trips, but heavy damage causes less

frequent trips. These findings highlight the need for further

experimental study in to the effects ofwing damage on flight

costs and load carriage. It was surprising that there were no

differences between lightly damaged and heavily damaged

individuals in survivorship and foraging distance. One might

expect that doubling the amount of wing damage would at

least increase the effects of damage. There may be a general

effect of damage to the bee not due to the amount of wing

removed, although our control should have controlled for

handling effects. Alternatively, the effect of damage may be

non linear, and the damage added here was sufficient to reach

the saturation point of the behavioural response. Further

work with finer differences between treatments are needed

to test this possibility. Heavily damaged bees may have

performed fewer foraging trips than lightly damaged bees,

therefore, slowing the rate of exhaustion of the mechanisms

of flight and, hence, surviving for the same length of time.

A difference in work effort may explain the difference in the

change in the hazard rate between the control and damaged

groups, if undamaged bees flew further or carried out longer

trips, and so the behaviour of damaged bees gradually over

time reduced the apparent effect of damage on the hazard

rate shown in Figure 2(b).

Overall, the results suggest there is strong selective

pressure for honeybees to avoid accumulating wing damage,

since it has marked apparent effects on the foraging efficiency

of colonies, from flower choice and patch choice, to foraging

time and even lifespan. As honeybees may avoid foraging
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in vegetation-dense areas to reduce their risk of sustaining

wing damage [32], these effects are likely to have profound

implications for the impact of the spatial distribution,

density and plant architecture of food sources exploited by

bees.
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Parasitoid venom is a focal research point in the biological control area, which aims to explore its physiological functions and

nature. Pteromalus puparum is a gregarious pupal endoparasitoid wasp which has evolved unique means to adopt the host’s

immune system, as no other parasitoid-associated factors other than venom are injected into its hosts during oviposition. It

represents an excellent model for research of parasitoid venom. In this paper, information was gathered on outcomes of P. puparum

venom. We first began this paper by examining its functional properties. Next, we reviewed the nature of this parasitoid’s venom
components. Even great achievements have been made, further research is required to uncover the sophisticated bioactivity of the

venom and isolate more novel toxic peptides/proteins.

1. Introduction

Parasitoids are important as diverse biological agents, which

spend part of their life in the body or on the body

surface of other invertebrates [1, 2]. To overcome intrusion,

insect hosts have evolved highly efficient innate immune
system comprising an array of cellular and humoral immune
responses [3]. Parasitic wasps introduce or secrete various

factors into host’s body upon parasitization to create suitable

host environment for the needs of the immature parasitoids

to ensure successful development of their progeny [4].

These factors include venom, polydnaviruses (PDVs), virus-

like particles (VLPs), teratocytes, and ovarian proteins [5].

Parasitoid venoms are notably known to induce paralysis,

to disrupt the host’s development or to interfere with its

immune response, alone or in combination with other fac-

tors [4, 6, 7]. They are biochemically, pharmacologically, and

physiologically complex mixture of proteinaceous as well as

nonproteinaceous components with promising applications

in biomedical sector and developing novel, environmentally

safe insect control agents. Over the past several decades,

studies have focused on the physiological functions and

bioactive compounds of parasitoid venoms [8].

Pteromalus puparum (Hymenoptera: Pteromalidae) is a

gregarious pupal endoparasitoid with a wide host range

that repeatedly prefers to parasitize the pupae of certain

papilionid and pieridid butterfly species [9, 10] . It is the most

predominant pupal parasitoid of the small white butterfly,

Pieris rapae (Lepidoptera: Pieridae), with a parasitism rate

that can be greater than 90% in fields of cruciferous

vegetables in China [11]. It has evolved a unique means to

manipulate its hosts, as no parasitoid-associated factors other

than venom are found in the female reproductive organ
[ 12]

.

Over the past 15 years, we have investigated the parasitoid-

host interactions using P. puparum as a model. Herein, we
provide a brief overview of our outcomes.

2. Venom Functions

2. 1 . Cellular Immunity. The insect immune reactions involve

two types of responses, namely, humoral and cellular ones,

whereby the overall immunity results from a complex inter-

play of the two systems [13]. In view of the cellular immune
response, parasitoid venom has various effects on host

hemocytes depending on the host-parasitoid system. These

include alterations in total (THC) and differential hemocyte
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counts (DHCs), modifications in hemocyte morphology and

ultrastructure, induction of hemocyte death, and inhibition

of hemocyte spreading and encapsulation [8, 14-17].

Parasitism by P. puparum resulted in a significant

increase in the THC of the host, and the percentage of

the host plasmatocytes and granulocytes decreased and

increased, respectively, [18, 19]. Similar increases in THC of

hosts were observed in some parasitoid-host systems, while

opposite results were also observed in some other cases [20].

The results observed were also similar to that of THC for

the effect of parasitism on the proportions of hemocyte

types [21]. Obviously no general picture emerges from these

observations. To interpret the underlying reason, it would

be that each parasitoid-host system is unique [13, 22]. As

to why the hemocyte population is changed after parasiti-

zation, it could be due to parasitoid maternal factors which

directly affect host’s hematopoiesis in the hematopoietic

organs and produce active factors to change the cell cycle.

Thus, the circulating hemocytes in the host were changed.

The concentration of circulating hemocytes in Drosophila

melanogaster larvae was changed by the parasitism ofAsobara

citri (Hymenoptera: Braconidae) with severe disruption of

the hematopoietic anterior lobes [23].

Envenomated by P. puparum venom, a rounded appear-

ance without pseudopods, condensed chromatin and loss of

mitochondria were observed in plasmatocytes, and break-

down of plasma membranes and “clumping” of chromatin

were obvious in granulocytes in P. rapae [24]. However,

there was no obvious alteration of the cytoskeleton in either

cell type. It is different from that of Campoletis sonoren-

sis (Hymenoptera: Ichneumonidae) and Cotesia rubecula

(Hymenoptera: Braconidae). After being parasitized by these

two parasitoid wasps, their hosts hemocytes cytoskeleton

was disrupted by the active PDV proteins [25-27]. However,

RT-PCR (reverse transcription polymerase chain reaction)

analysis showed that the transcription of actin, actin depoly-

merization factor, and tubulin genes of P. rapae were all

downregulated by P. puparum parasitization [28], which

suggests that there would be active protein present in the

venom of P. puparum with the ability to regulate hemocytes

cytoskeleton genes expression.

After P. puparum parasitization, hemocyte mortality in

parasitized host pupae was noticeably higher [18]. Similarly,

injecting the venom to the host significantly reduced the

viability of host plasmatocytes and granulocytes [29]. The

cytotoxic effects of parasitoid venom would be achieved

by producing cytotoxic molecules. Several such substances

correlated to parasitism have been identified [16].

Hemocyte spreading and encapsulation responses were

inhibited both by parasitization and venom microinjection

[18, 29, 30]. In in vitro assay, venom of P. puparum
also displayed low activity to inhibit the spreading and

viability of nonnatural hosts such as Spodoptera litura (Lepi-

doptera: Noctuidae), Musca domestica (Diptera: Muscidae),

and Sarcophaga peregrina (Lepidoptera: Noctuidae), high

ability to block the spreading of Tn-5Bl-4 cells derived

from Trichoplusia ni (Lepidoptera: Noctuidae), and high

cytotoxicity to Ha cells derived from Helicoverpa armigera

(Lepidoptera: Noctuidae) [31]. But the P. rapae hemocytes

were significantly more sensitive to venom by comparison

with that of nonhosts. This is in agreement with Euplectrus

plathypenae, Bracon hebetor, Nasonia vitripennis and Pimpla

hypochondriaca venoms, which were toxic to defined specific

range of species [32-35].

Up to now, the molecular mechanisms responsible for

these cellular immune effects of P. puparum venom have

been unclear. Using suppression subtractive hybridization

technique, host genes encoding proteins involved in the

insect cellular immune response and/or nonself recognition

such as lectin, gram negative binding protein, calreticulin,

and scavenger receptor were changed in response to P.

puparum venom injection [30, 36]. This indicates that

regulation of the P. rapae cellular immune related genes

might be one of the molecular mechanisms of P. puparum

venom inhibiting hosts cellular immune response.

2.2. Humoral Immunity. Insect humoral immune responses

include enzymatic cascades that regulate melanization and

coagulation of hemolymph, the syntheses of antimicrobial

peptides, and the production of reactive oxygen species

and reactive nitrogen species [37], It is well known
that activated prophenoloxidase plays an important role

in hemolymph melanization for invading microorgan-

isms and eukaryotic parasites [38]. Endoparasitoids must

spend their immature stages inside the hemocoel of their

hosts, and are therefore susceptible to humoral immune
responses including phenoloxidase-dependent melanization.

Decreased phenoloxidase activity is frequently observed in

host insects parasitized by hymenopteran wasps [39, 40].

Parasitization by P. puparum was followed by inhibition

of melanization capability of hemolymph from P. rapae

and P. xuthus pupae [30, 41]. Asgari et al. [42] reported

that Cotesia rubecula used a venom protein (Vn50, a serine

proteinase homolog) to block the melanization reaction

in P. rapae hosts by interfering with prophenoloxidase

activation through an interaction with either this enzyme

or PPO-activating proteinase. We found that P. puparum

venom could downregulate the prophenoloxidase cascade

system by directly interfering with transcription levels of

genes encoding proteins such as prophenoloxidase activat-

ing enzymes, hemolymph proteinases and serpin. But the

exact inhibitory mechanism still remains to be uncovered.

In a conventional immunity concept, microbial cells are

considered to be disease-causing agents that host cells need

to eliminate through antimicrobial innate immunity [43].

Lrom this point of view, parasitization caused wounds on

the host body would be extremely dangerous. Obviously,

it is disadvantageous for the survival and development of

the parasites. However, endoparasitoids have evolved the

effective means to deal with this problem. Lor example, the

expression of antibacterial peptides or antifungal peptide in

Drosophila were induced following infection by larval and

pupal parasitoids [44]. Plasma lysozyme activity in Heliothis

virescens (Lepidoptera: Noctuidae) was reduced in Campo-

letis sonorensis (Hymenoptera: Ichneumonidae) parasitized

larvae [45]. After parasitism by P. puparum, antibacterial

activity of parasitized host’s hemolymph became stronger
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compared to that of nonparasitized one [46]. The tran-

scription level of several potential antimicrobial molecules

including cecropin, lysozyme, attacin, lebocin, proline-

rich AMP, cysteine-rich peptide, gallerimycin, and immune
inducible peptide decreased in hemocytes or fat body ofhosts

injected with P. puparum venom, and the activity of host

lysozyme is downregulated by parasitization [30]. Moreover,

higher hemagglutination activity of P. puparum parasitized

host hemolymph than that of wounded and nonparasitized

ones was also observed [46]. These data indicated that

P. puparum parasitization induces a full humoral immune
response regulation.

2.3. Endocrine Regulation. Endoparasitoids and their hosts

display remarkable developmental synchrony [47, 48]. The

host’s growth, development, reproduction, and immune
defense reactions are manipulated by combined actions of

juvenile hormone (JH), juvenile hormone esterase (JHE),

ecdysteroids, and prothoracicotropic hormone [49]. Thus,

hosts hormones should coordinate with the development

of immature parasitoid. Alterations of endocrine levels in

parasitized hosts have been extensive documented in many
parasitoid-host systems [50]. Parasitism by P. puparum or its

venom-microinjection resulted in an increase of JH III titer,

and ecdysteroid titer and JHE activity decreased in P. rapae

pupae hemolymph [51]. This demonstrated that venom
alone of this parasitoid wasp actively disrupts its host’s

normal endocrine program which is one of the strategies

used by this parasitoid to achieve successful development in

their host.

2.4. Metabolism. Parasitoids quantitatively and qualitatively

regulate the level of the host’s nutrient (carbohydrates, pro-

teins, lipids, etc.) metabolism to obtain nutritional require-

ments from host [52, 53]. Many studies have reported that

host’s metabolism can be regulated by parasitoid wasp mater-

nal factors. The metabolic alterations of hosts protein, lipid,

and amino acid were caused by P. puparum parasitization

and venom [54], The levels of hemolymph soluble proteins

in the P. puparum venom injected P. rapae and P. xuthus

pupae increased significantly, while levels of soluble proteins

in the fat body decreased after parasitization or venom
injection. The total lipid levels in hemolymph of parasitized

and venom injected pupae decreased significantly, whereas

it did not change in the fat body. P. puparum parasitization

induced the decreasing of the titer of total amino acid in the

P. rapae pupae hemolymph, especially for aliphatic amino

acid. We found that the transcriptional level of arylphorin-

type storage protein mRNA in P. rapae pupae fat body was

inducible response to parasitism by P. puparum [55]. It may
result in alternating arylphorin titer in P. rapae hemolymph

after parasitization. After parasitization by P. puparum, some

proteins associated with energy metabolism in the plasma of

hosts were differentially expressed, and their transcript levels

were inducible in response to the parasitism [41, 56]. These

results provide an understanding of the toxic properties of

how this parasitoid venom regulates the metabolism of its

host.

3. Venom Constituents

3.1. Biochemical Property. Parasitoid venom was a complex

mixture, which has been characterized in more than 20

species. These studies revealed that parasitoid venoms are

mostly acidic containing not only proteins of low molecular

masses (less than 5 kDa) but also proteins of high molecular

masses (over 100 kDa) [8, 57]. Although all the parasitoid

venoms analyzed to date exhibit high molecular proteins,

some species lacked low molecular proteins such as Chelonus

sp. near curvimaculatus (Hymenoptera: Braconidae), Bracon

hebetor (Hymenoptera: Braconidae), and Apanteles glomera-

tus (Hymenoptera: Braconidae) lacking venom proteins with

molecular masses lesser than 30, 20, and 18 kDa, respectively

[6]. The abundant proteins composition of P. puparum

venom ranges from 14.4 kDa to 116.0 kDa, and numerous

polypeptides lower than 14.4 kDa and few proteins higher

than 116.0 kDa are present [12, 31]. On two-dimensional

gels, majority of the venom proteins of this parasitoid range

from 4 to 7 demonstrating predominant acidic nature, which

are similar to the counterparts of other parasitic wasps [58].

3.2. Enzyme. There are a variety of enzymes present in

parasitoid venom [6, 8, 57, 59]. In P. puparum venom,

acid phosphatase, alkaline phosphatase, phosphodiesterase,

phospholipase, esterase, protease, serine protease, arginine

kinase, aminotransferase-like venom protein, and serine

protease homolog were detected [36]. Among these, acid

phosphatase had the optimal pH and temperature of 4.8 and

45 °C, respectively [60]. Alkaline phosphatase was found to

be temperature dependent with bivalent cation effects [61].

The full lengths of acid phosphatase, alkaline phosphatase,

and arginine kinase were cloned. They were shared high

identity to their counterparts from other insects. In addition,

their transcriptions appeared to be development related,

suggesting that these three venom enzymes maybe associated

with female reproduction [58, 60, 61]. All the functions

of them were not investigated in detail. We speculated

that they might be with the similar biological activity to

the counterparts reported in other parasitoid venom or

other insect’s organs. Beside the venom enzymes described

above, a lot of others such as phenoloxidase, metallopro-

tease, aspartylglucosaminidase, y-glutamyl transpeptidase,

and chitinase have been reported from other parasitoid

venoms [62-72]. Some of them would be present in venom
of P. puparum, but some may not exist. The diversity of

enzymes present in the venom might be a reflection as well

as specificity and the role they play in each host-parasitoid

interaction as well as venom metabolism in the parasitoid

[57].

3.3. Venom Peptide/Protein. In addition to enzymes, an

increasing number of original peptides and proteins have

been reported in the venoms from parasitic Hymenoptera.

In Pimpla hypochondriaca (Hymenoptera: Ichneumonidae)

venom, Cys-rich venom protein 1, 2, 4, and 6 as protease

inhibitors, Cys-rich venom protein 3 and 5 similar to

conotoxins, pimplin with lethal paralysis, and VPr3 known
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to antihemocyte aggregation were isolated [73-75]. Vnl.5

necessary to the expression ofPDVs genes in host hemocytes,

Vn4.6 and Vn50 interfered with host prophenoloxidase

activating cascade to inhibit melanization, and calreticulin

preventing encapsulation of the developing parasitoid were

contained in venom of Cotesia rubecula (Hymenoptera:

Braconidae) [42, 76-78]. P4 protein with immune sup-

pressive functions and a serpin (LbSPNy) that inhibited

the PO cascade in the hemolymph were reported from the

venom of Leptopilina boulardi (Hymenoptera: Figitidae) [79,

80]. In venom of Microctonus aethiopoides (Hymenoptera:

Braconidae) and M. hyperodae (Hymenoptera: Braconidae),

calreticulin, heat-shock protein, icarapin, tetraspanin, fer-

ritin, TEGT, VG3, and VG10 were identified [72]. Many
known and unknown proteins such as calreticulin, chitin

binding protein-like venom protein, antigen 5-like protein,

Clq-like venom protein, general odorant-binding protein-

like venom protein, low-density lipoprotein receptor-like

venom protein, and venom protein D to Z were present in

venom of Nasonia vitripennis (Hymenoptera: Pteromalidae)

[81]. In P. puparum, the venom proteins of calreticulin and

heat shock protein 70 were identified [58]. Even we have

not investigated the physiological functions of calreticulin

in venom of P. puparum, we considered it as candidates

for antihemocyte activity like that present in venom of

C. rubecula [78]. Hsp70 as molecular chaperones acts in

many aspects of cell biology. The exact function of Hsp70

in parasitoid venom is not understood. In addition, Vn.ll

venom protein with 24.1 kDa in size was isolated in P.

puparum, which is able to inhibit the spreading behavior and

encapsulation ability of host hemocytes [82].

3.4. Antibacterial Peptide. Numerous antibacterial agents

have been searched and characterized from snake, honeybee,

bumblebee, ant, spider, and scorpion venoms [83, 84].

Recently, the venoms of P. hypochondriaca and Diadro-

mus collaris (Hymenoptera: Ichneumonidae) were found

to be with antibacterial activity [85, 86]. A defensin-

like antimicrobial peptide was purified and characterized

from the venom of N. vitripennis, which exerted strong

antimicrobial activity against Gram-positive bacteria, Gram-

negative bacteria, and fungi [87]. Several novel antimicrobial

peptide genes were screened from the venom apparatus of P.

puparum [88]. And some antimicrobial peptides were also

purified from the venom of this parasitoid (unpublished

data). These antimicrobial peptides may have unique func-

tions with promising utilization.

4. Concluding Remarks

This paper summarizes the advances and insights in the

venom of P. puparum available up to date. Although great

progress has been made in characterizing its physiological

functions and composition, our information is still meager.

In the near future, exploring the molecular mechanisms of

venom proteins to manipulate the hosts could be expected.

More research is needed to determine the bioactivity of

the identified venom peptides/proteins. Likewise, research

on discovering novel peptides/proteins present in this par-

asitoid venom would yield interesting new results with the

development of bioinformatics and proteomics. Continued

research can be expected for obtaining insecticidal genes or

pharmaceutical agents used in biological control or medicine

sector.
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The genus Mischocyttarus comprises 245 species of neotropical basal eusocial wasps. They form small colonies (rarely more than

few tens of individuals); castes are morphologically undifferentiated and determined behaviorally by agonistic interactions. The

aim of this study was to verify the effects of the experimental disruption of social hierarchy on foraging activity of Mischocyttarus

cerberus styx. We observed six colonies in postemergence phase and recorded data on the foraging activity under two experimental

conditions: (1) removal of lower-ranked females and (2) removal of higher ranked females, except the queen. Our results showed

that the removal ofhigher-ranked females had higher effect on the number of foraging trips ofM. cerberus styx than the removal of

lower-ranked females (the number of foraging trips/hour decreased by 66.4% and 32.7%, resp.). Such results are likely due to the

social organization of this species and the presence of a distinct class of females, which in this study were regarded as intermediates.

Our data also showed that, irrespective of the hierarchical status of the females, the removal of two or three individuals affected

significantly the number of foraging trips in this species.

1. Introduction

The tribe Mischocyttarini is arranged in a single genus (i.e.,

Mischocyttarus ) with 245 species [1, 2]. This group of basal,

eusocial wasps is widely distributed in South America, and

only two species occur in southern and western of the United

States [3, 4].

The colonies of Mischocyttarus are founded indepen-

dently or by an association of few females, and castes are

morphologically undifferentiated. The social organization

of this group is determined by agonistic interaction which

leads to the establishment of a dominance hierarchy [3, 5].

Queens occupy the highest rank in the social hierarchy. They

are responsible for egg-laying, whereas workers perform

other tasks such as brood care, nest defense, and foraging

[5-8]. Since caste determination is mainly behavioral, the

social roles of females of Mischocyttarus are flexible. Trade-

offs and superseding of queens are common features in

the social hierarchy [3, 9]. Bruyndonckx et al. [10] carried

out experimental manipulations on Ropalidia marginata and

suggested that dominance and subordination interactions,

beyond social control, also act as a signal for workers to

collect more food. Physiological conditions of females, such

as the amount of fat body and ovarian development, are

positively related to the dominance rank in Mischocyttarus

cassununga [11, 12]. Litte [13] verified that when the queens

of Mischocyttarus mexicanus were removed the non-egg-

laying foundresses were capable of developing their ovaries

and started to lay eggs one week after the queen’s removal.

Similar results were found by Field and Foster [14] in

Liotenogaster flavolineata, in which helper females began to

lay eggs when queens were experimentally removed.



2 Psyche

Table 1: Characteristics of the studied colonies in the beginning/end of the observations.

Colony Hours of observations Number of cells Eggs Larvae Pupae Females 1 Males2

M14 30 30/31 8/9 10/13 6/5 5/2 1/0

M15 30 52/53 7/7 11/12 11/12 6/2 0/0

M16 30 59/61 20/13 22/24 7/7 6/2 0/0

M17 30 70/71 19/11 21/24 5/7 5/2 3/0

M18 30 22/22 1/3 13/11 5/4 5/2 1/0

M19 30 46/46 11/12 13/16 4/5 5/2 1/0

*Two females (one of colony M15 and another of colony M16) disappeared during premanipulation observations and were not considered in the data sets,

thus in the end of the manipulations the same number of individuals were left in each colony.
2Males which emerged or were seen during the observations were immediately removed from the nests.

O’Donnell [15] argued that workers of Polistes differed

in their behavior according to a set of physical and social

stimuli, intrinsic (social and developmental) or extrinsic

(environmental). These behavioral switches are necessary

to maintain reasonable levels of food and pulp collection

according to the needs of the colony.

The wasp Mischocyttarus cerberus styx builds stelocyt-

tarus, gymnodomous nests, and the colonies are populated

by a few individuals [16]. Interestingly, Silva [17] firstly

described a distinct class of females which were classified

neither as foragers nor as dominant females. According to

the author these females were characterized by resting the

most part of their time in the back side of the comb and

occasionally collecting and distributing the food; however,

no further information on the social role ofthese females was

provided in this study.

The aim of this study was to verify the effects ofthe exper-

imental removal of females in different hierarchical positions

upon the foraging activity ofMischocyttarus cerberus styx and

to investigate the critical number of females necessary to

maintain reasonable levels of foraging activity and prevent

the colony from declining.

2. Material and Methods

The study was carried out from March to May 2010 in

6 postemergence colonies of Mischocyttarus cerberus styx

(Table 1). These colonies were observed at the campus of

Sao Paulo State University (UNESP), Rio Claro, Sao Paulo,

Brazil (22°24'26"S; 47°33'36"W). All adults were marked

with nontoxic acrylic paint to identify their position in the

social hierarchy before the start of the observations.

The hierarchical position was determined by the dom-
inance-subordination interactions of each female in the

colonies. Dominance behaviors were defined as a female

investing physically against another by attacking, biting,

chasing, pecking, or holding wings or legs using the

mandibles [3, 10]. This method of hierarchy establishment

was widely used by several authors [5, 6, 8, 9, 11, 12,

18, 19]. In order to provide a better female categorization

a set of other behaviors were recorded and analyzed: (1)

permanence in the nest (in minutes), (2) foraging activity,

(3) cell inspection, and (4) rubbing the gaster against the nest

wall: the female typically rubs the ventral part of its gaster

along the stem and upper part of the comb, this behavior is

associated with the defense against ants as tested by Jeanne

[6] . The base of the terminal portion of the gaster bears a tuff

of hairs that carries a glandular secretion which avoids ants

to reach the wasp’s brood [20].

To carry out this study six colonies were observed by

6 hours a day for 5 consecutive days, totaling 180 hours

of observation. Observations were taken daily from 9:00 to

12:00 and from 14:00 to 17:00. The foraging activity was

recorded when foragers landed in the nest carrying liquids

or prey items. Then, foraging activity is herein defined as

the act of bringing prey and liquids to the nest. As stated

by Hunt [21] liquids can be described as nectar, nectar-like

fluids, and body fluids of prey. In this study we also included

water, once as it is extremely important to the maintenance of

physiological activities of the individuals, thermoregulation,

and building of the nest.

Initially the manipulations were taken by removing 50

and 75% of individuals of each colony. Such procedure was

carried out in four colonies (M10, Mil, Ml 2, and Ml 3).

However, in these four colonies even the removal of 50% of

individuals caused the abandon of individuals from the nest.

Based on this previous test we concluded that the abrupt

removal of females of Mischocyttarus cerberus styx led to

the colony decline and abandon of females. Thus, a new
approach based on gradual removal of the individuals in

different hierarchical positions was conducted as follows.

(1) During 12 hours (day 1 and day 2) the dominance

hierarchy was determined and we also collected data

on the foraging trips. This period represented the

control observations (no manipulations).

(2) At the end of the second day of observation, the first

female was removed, and the data on the foraging

trips was collected during day 3. At the end of day

3 the second female was removed, and data collection

took place during day 4. Finally, at the end of day 4

the last female was removed from the nest, and the

data collection occurred during day 5.

(3) In the first three colonies (Ml 5, Ml 6, and Ml 7) only

the lowest-ranked individuals were removed, whereas

in the other colonies (Ml 4, Ml 8, and Ml 9) only

the highest-ranked individuals were removed except

the queen. On the last day of observation, only two

individuals were left in each colony. The colonies
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Table 2: Dominance and subordination behaviors (% absolute number) of each individual by colony during the determination of domi-

nance hierarchy.

Colony Rank

M14 l
a

2
a

3
a

4
a

5
a

Dominance 94.6 (35) 5.4 (2) 0.0 (0) 0.0 (0) 0.0 (0)

Subordination 0.0 (0) 48.7 (18) 43.2 (16) 5.4 (2) 2.7(1)

M15 l
a

/Q 2
a
/I 3

a

/W 4
a
/W 5

a
/W

Dominance 93.9 (31) 6.1 (2) 0.0 (0) 0.0 (0) 0.0 (0)

Subordination 0.00 (0) 66.7 (22) 6.1(2) 6.1 (2) 21.2 (7)

M16 l
a

/Q 2
a
/I 3

a
/I 4

a
/W 5

a
/W

Dominance 76.1 (35) 10.9 (5) 10.9 (5) 2.1 (1) 0.0 (0)

Subordination 0.0 (0) 39.1 (18) 41.3 (19) 10.9 (5) 8.7 (4)

M17 l
a

/Q 2
a
/I 3

a

/W 4
a
/W 5

a
/W

Dominance 90.0 (36) 10.0 (4) 0.0 (0) 0.0 (0) 0.0 (0)

Subordination 0.0 (0) 40.0 (16) 27.5 (11) 10.0 (4) 22.5 (9)

M18 l
a

/Q 2
a
/I 3

a

/W 4
a
/W 5

a

/W

Dominance 80.0 (24) 20.0 (6) 0.0 (0) 0.0 (0) 0.0 (0)

Subordination 0.0 (0) 70.0 (21) 16.7 (5) 0.00 (0) 13.3 (4)

M19 l
a

/Q 2
a
/I 3

a
/I 4a/W 5

a
/W

Dominance 100.0 (2) 0.0 (0) 0.0 (0) 0.0 (0) 0.0 (0)

Subordination 0.0 (0) 50.0 (1) 50.0 (1) 0.0 (0) 0.0 (0)

Total l
a

/Q 2
a
/I 3

a
/I 4

a
/W 5

a

/W

Dominance 86.7 (163) 10.1 (19) 2.7(5) 0.5(1) 0.0 (0)

Subordination 0.0 (0) 51.1 (96) 28.7 (54) 6.9 (13) 13.3 (5)

Ml 5 andM 16 had originally 6 individuals each; how-

ever, during the control observations, one individual

of each colony disappeared by unknown causes and

were not considered in the analyzes. Therefore, at

the end of the manipulations in these two colonies,

like in the other ones, only two individuals remained

in the nest. It is also important to mention that the

two different manipulations were never carried out

in the same colony. We studied six colonies, and, in

three of them, we followed only with the removal of

higher-ranked females and in the other three we only

removed the lower-ranked females.

The statistics were conducted using STATISTICA 8.0 and

SAS 9.2 statistical software packages. Once we spent 12 hours

collecting data during the control and 6 hours for each treat-

ment the absolute numbers of foraging trips were converted

into frequency per hour. In order to achieve normality the

data was transformed using Box-Cox Transformation. We
used K-S Lilliefors and Levene’s statistics to test normality

and variance homoscedasticity, respectively. Since the tests

revealed that the data were normally distributed (

d

= 0.16,

P = 0.15) and the variances were homogeneous (F = 1.44,

P = 0.26), a one-way ANOVA was chosen to test the effects

of the experimental removal of different-ranked females

against control observations. We used Dunnett’s f-test to

perform post hoc means comparisons to a control treatment

(no experimental manipulation). The same procedures were

used to test the effect of the number of removals on the

foraging activity of Mischocyttarus cerberus styx.

3. Results and Discussion

3. 1 . Determination ofDominance Hierarchy. The percentages

of dominance and subordination behaviors of each female

by each colony are shown in Table 2. Among all the

females of each colony the queens performed the higher

percentage (86.7%) of dominance interactions and were

not subordinated by any other female of the colony. The

intermediate-ranked females (2nd and 3rd individuals of the

hierarchy rank) may also perform dominance interactions;

however, in a much lower percentages than the queens (10.1

and 2.7%, resp.). These individuals, however, are constantly

attacked by the queens (they received 51.1 and 28.7% of all

subordination acts). On the other hand, the lower-ranked

females (the 4th and 5th individuals in the hierarchy rank,

resp.) performed no aggressive acts towards any individual

of the colony and also received few dominance interactions

from higher-ranked individuals (6.9 and 13.3%, resp.).

The percentages/absolute number of a set of important

behaviors related to the determination of the dominance

hierarchy of Mischocyttarus cerberus styx are shown in

Table 3. According to these results the time spent in the

colony by each individual is proportional to its position in

the social hierarchy: queens remained the most part of the

time in the nest (95% of total time observation), followed

by the intermediate-ranked females (2nd and 3rd females, 78

and 70%, resp.) and the lower-ranked individuals (4th and

5th individuals, 32 and 21%, resp.).

The higher percentages of agonistic interaction received

by the intermediate-ranked females (Table 2) may be
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Table 3: Time in the nest (T) of foraging activities (E), cell inspection (C), and gaster rubbing (R) of all individuals by colony during the

determination of dominance hierarchy.

Category/ranking T (min)
% ofbehaviors by colony (absolute number)

F C R

l
a

720 0.0 (0) 42.3 (11) 64.9 (24)

2
a

317 35.3 (6) 19.2 (5) 27.0 (10)

Colony M14 3
a

643 17.7 (3) 26.9 (7) 2.7(1)

4
a

137 29.4 (5) 11.5 (3) 5.4 (2)

5
a

31 17.7 (3) 0.0 (0) 0.0 (0)

l
a

719 0.0 (0) 32.6 (14) 25.8 (16)

2
a

619 8.3(1) 34.9 (15) 33.9 (21)

Colony Ml

5

3
a

415 25.0 (3) 7.0 (3) 14.5 (9)

4
a

350 33.3 (4) 11.6 (5) 17.7 (11)

5
a

260 33.3 (4) 14.0 (6) 8.1 (5)

l
a

720 0.0 (0) 35.9 (14) 45.7 (16)

2
a

720 0.0 (0) 10.3 (4) 25.7 (9)

Colony M16 3
a

690 0.0 (0) 28.2 (11) 14.3 (5)

4
a

298 33.3 (5) 15.4 (6) 2.9(1)

5
a

123 66.7 (10) 10.3 (4) 11.4 (4)

l
a

523 0.0 (0) 44.0 (11) 35.7 (10)

2
a

423 18.2 (2) 20.0 (5) 10.7 (3)

Colony Ml

7

3
a

342 9.1(1) 28.0 (7) 17.9 (5)

4
a

148 45.5 (5) 4.0(1) 7.1 (2)

5
a

122 27.3 (3) 4.0(1) 28.6 (8)

l
a

712 0,0 (0) 33,3 (0) 33,3 (4)

2
a

720 0,0 (0) 25,0 (3) 25,0 (3)

Colony Ml

8

3
a

358 16,7 (2) 0,0 (0) 8,3(1)

4
a

216 41,7 (5) 16,7 (2) 16,7 (2)

5
a

186 41,7 (5) 33,3 (4) 58,3 (7)

l
a

720 0.0 (0) 43.5 (20) 31.5 (17)

2
a

586 10.0 (1) 17.4 (8) 20.4 (11)

Colony M19 3
a

569 20.0 (2) 15.2 (7) 14.8 (8)

4
a

245 20.0 (2) 6.5 (3) 3.7 (2)

5
a

392 50.0 (5) 17.4 (8) 29.6 (16)

l
a

95 0,0 (0) 40,0 (74) 37,3 (87)

2
a

78 13,0 (10) 21,6 (40) 24,5 (57)

Total (%) 3
a

70 16,9 (13) 16,8 (31) 12,4 (29)

4
a

32 31,2 (24) 9,2 (17) 8,6 (20)

5
a

21 39,0 (30) 12,4 (23) 17,2 (40)

Table 4: One-Way ANOVA results for the removal of females according to the social rank (control: no experimental manipulation,

manipulation 1: removal of lower-ranked females, and manipulation 2: removal of higher-ranked females).

One-Way ANOVA
Effects Df Anova SS Mean square F value P

Manipulation 2 2.44 1.22 10.14 <0.001

Error 21 2.51 0.12

Post hoc comparisons (Dunnett’s f-test)

Control versus manipulation 1

Control versus manipulation 2***

*** Significance at the 0.05 level.
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Table 5: Female category, ranking position, absolute frequency of

egg-laying, and oophagy behaviors observed for each colony during

the observation.

Category/ranking Egg-laying Oophagy

Queen/

l

a
5 1

Intermediated 1 2

Colony M14 Intermediated 0 1

Workerd 0 0

Worker/

5

a

0 0

Queen/

l

a
2 1

Intermediated 1 1

Colony Ml

5

Workerd 0 0

Worker/4
a

0 0

Workerd 0 0

Queen/

l

a
2 0

Intermediated 0 0

Colony M16 Intermediated 2 2

Workerd 0 1

Worker/

5

a
0 0

Queen/

l

a

1 1

Intermediated 0 1

Colony Ml

7

Worker/

3

a

0 0

Workerd 0 0

Workerd 0 0

Queen/

l

a
0 0

Intermediated 0 0

Colony Ml

8

Workerd 0 0

Workerd 0 0

Workerd 0 0

Queen/

l

a

3 1

Intermediated 0 0

ColonyM 19 Intermediated 1 1

Workerd 0 0

Workerd 0 0

explained by the behavioral role displayed by these females

in the social scenario. Intermediate-ranked females exhibit

typical dominance behaviors spending a large amount of the

time in the nest performing relatively high percentages of

cell inspection (21.6 and 16.8%, resp.) and gaster rubbing

(24.3 and 12.4%, resp.) (Table 3). In colony M16 the queen

and the 2nd ranked female remained in the nest during

all the observation period, and in colony M18 the 2nd

ranked female spent even more time in the nest than the

queen (Table 3). Although these females remain a large

amount of the time in the nest, as the queens, they typically

occupy different positions in the comb. While the queens

occupy mostly the front face of the comb right above the

pupae, the intermediate-ranked females typically rest at

the back face of the comb; such differences in the nest

position of the different ranked females were also observed

in Polistes canadensis [8]. The intermediate-ranked females

also contribute to the foraging activity (13 and 16.9%, resp.)

of the colony, and only in colonies M16 and M18 there

are no records for food collection by these females. On the

other hand, the lower-ranked individuals spent more time in

the field collecting prey and liquids and performed a higher

number of foraging trips/hour (31.2 and 39%, resp.).

According to the behavioral repertoire showed by the

females which occupied the 2nd and 3rd positions in the

social rank they cannot be exactly classified as nonworkers

of Polistes fuscatus [8] since they also contribute to the food

intake of the colony and perform behaviors highly associated

with dominance (e.g., cell inspection and gaster rubbing)

(Table 3). Gadagkar and Joshi [18] found three different

categories of females based on behavioral repertoire: sitters,

fighters and foragers. Sitters were represented by the queens

and other non-egg-laying females which did little or no

foraging and rarely exhibited defense behavior. The author

stated that these non-egg-laying females could represent

replacement queens or naive workers. Table 3 showed that

the intermediate-ranked females (2nd and 3rd positions)

were responsible for a considerable portion (29.9%) of the

total foraging trips recorded in this study, different than what

was found for the nonworkers of Polistes fuscatus and for the

sitters of Ropalidia marginata [18, 22]. In this context, the

“sitters” are more likely to be compared to the dominant

females of M. cerberus styx and the intermediates to the

“fighters” of Ropalidia marginata. However, we observed

that the intermediate females attacked each other much less

frequently than was found among the “fighter” of Ropalidia

marginata, and the dominant females were considerably

more aggressive towards the intermediates than were the

“sitters” against the “fighters.” As stated by Gadagkar and

Joshi [18] the “fighters” could also reach the status of an

egg-layer if the colonies of Ropalidia marginata become

large and polygynous or if the queen disappears. In fact,

Table 5 showed that the intermediate-ranked females and

the queen could be competing for reproduction through

differential oophagy. In this context, in the absence of queens

(due to natural causes, such as predation or senescence and

death) the intermediate females of M. cerberus styx would

have more chances to assume the post of principal egg-

layer than typical foragers, as occuring in Polistes fuscatus

and Polistes canadensis [8]. Such comparisons indicate that,

despite some similarities in the social organization of Polistes,

Ropalidia, and Mischocyttarus, the different ranked females

behaves differently according to the taxa and generalizations

on the social roles of each group of females are difficult,

especially if these groups of wasps are commonly compared

in different regions and climates and are commonly under

different environmental constrains. Similar results to these

found in the present study were also found by Murakami

[19], Murakami and Shima [9, 1 1 ], and Murakami et al. [12]

in Mischocyttarus cassununga.

Based on the results showed above the females of M.

cerberus styx were classified as follows.

(1) Queen: it spends most of her time in the comb and

occupies the front face of the comb and usually rests

right above the pupae; it is the first female to request
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Figure 1: Box-plots indicating the means, median, 25th and 75th

percentiles and non-outlier range of the data set used to compare

the effect of the removals of females according to the hierarchical

position. When compared with the control (0), only the removal of

higher-ranked females decreased significantly the foraging activity

of Mischocyttarus cerberus styx (0: no manipulation; 1: removal of

lower-ranked females and 2: removal of higher-ranked females).

Statistical significance at the level of 0.05.

Figure 2: Box-plots indicating the means, median, 25th and

75th percentiles and non-outlier range of the data set used to

compare the effect of the number of removals regardless the female

hierarchical position. When compared with the control (0), the

removal of 2 or 3 females, regardless of their social position,

decreased significantly the mean number foraging trips/hour of

Mischocyttarus cerberus styx (0: no manipulation; 1: removal of 1

female; 2: removal of 2 females; 3: removal of 3 females). Statistical

significance at the level of 0.05.

food from foragers; it is usually the most aggressive

individual of the colony.

(2) Intermediate females: they spend most of their time

resting in the back side of the comb and usually

occupy the 2nd or 3rd positions of the social rank.

They present intermediary behavior between queens

and foragers: they perform high frequencies of cell

inspection and gaster rubbing, as the queens [16];

however, they also forage. These female may also lay

eggs, even in the presence of the queen (Table 5).

(3) Workers or foragers: they spend most of their time in

the field collecting food and liquids.

3.2. Experimental Manipulations. The results showed that

both experimental removals of individuals decreased the

foraging activity of Mischocyttarus cerberus styx (Table 4;

Figure 1). However, the effects proved to be statistically sig-

nificant only when higher-ranked females were removed. No
statistical difference was found when lower-ranked females

were taken away (Table 4; Figure 1). Although the gradual

removals of the females could create a dilutive effect during

the manipulations, the entire experiment was conducted in

the very same conditions (the two different treatments were

never carried out in the same colony, the same number of

removals were performed in each colony, and the colonies

were analyzed in the same phase of development and with

the same number of individuals), ensuring the consistence

of the collected data. Furthermore, as cited in Section 2 the

abrupt removal of females led to the abandon ofthe colony in

100% of attempts, colonies Ml 0, Mil, Ml 2, and Ml 3. Most

importantly is that the social hierarchy system showed by this

species may explain these results.

According to Silva [17], females that occupy the second

and third positions in the hierarchical ranking usually exhibit

the intermediate behavior. As previously described, these

females remain most of their time resting in the back side

of the comb performing dominance behaviors and also

contributing to foraging activity (Table 3). We found that

these females competed with the queens for the reproductive

control of the colony, either by oophagy or by laying eggs

in empty honeycomb cells (Table 5). Unlike the queens

substitutes described by Litte [13] the intermediate females

of M. cerberus styx may lay eggs even in the presence of the

queen.

This intermediate behavior may provide to these females

the possibility of saving energy, which would be primarily

spent on foraging trips and other tasks. This individual

would have a much higher chance of assuming the position

of an egg layer than a regular forager. Actually, in 5 out

of the 6 colonies observed (Ml 4, Ml 5, Ml 6, Ml 7, and

Ml 9) we recorded oophagy by individuals that were not

the queen, and in 4 of them (M14, M15, M6, and M19)
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Table 6: One-WayANOVA results for the removal of females regardless of their social rank (control: no manipulation; treatment 1: removal

of 1 female, treatment 2: removal of 2 females, and, treatment 3: removal of 3 females).

Effects Df Anova SS

One-Way ANOVA
Mean square F value P

Removal 3 1.61 0.54 5.68 0.0056

Error 20 1.89 0.10

Post hoc comparisons (Dunnett’s f-test)

Control versus V removal

Control versus 2 r removal***

Control versus 3
r removal***

*** Significance at the 0.05 level.

we observed more than one individual laying eggs (Table 5).

These behaviors were considered as an indicative of intense

competition among females because, in most cases, before

the oviposition, the intermediate female fed on the egg

previously laid in the same cell, even with several empty cells

available in the nest.

In the situation that intermediate females (typically the

2nd and 3rd females of the social rank) were removed exper-

imentally, a typical forager assumed the post of intermediate

immediately after the removal. Thus, besides the removal

of an intermediate female, which also contributes to food

collection (Table 3), there was also the loss of a typical

forager which began to remain more time in the nest and

to forage less. This dramatically reduced the daily number
of food trips in the colonies observed (Figure 2). These

results demonstrate the importance of the maintenance of

social hierarchy in colonies of Mischocyttarus cerberus styx.

According to Strassmann and Meyer [22], the maintenance

of dominance hierarchy reduces considerably the conflicts

for queen replacement when she disappears.

The removal of lower-ranked females did not affect the

amount of foraging trips statistically (Table 4, Figure 1).

As the dominance hierarchy was not disrupted, no rear-

rangement in the dominance rank was necessary and the

remaining foragers continued food collection normally. Only

when most of foragers were removed the intermediate

females started to behave as typical foragers, spending more

time collecting, and this may explain the reason that the

removal of foragers did not affect significantly the foraging

activity ofM. cerberus styx.

O’Donnell [15] showed that the removal of foragers of

Polistes instabilis decreased the rate of foraging activities, but

it also resulted in the recruitment ofnew individuals to carry

out the tasks affected. Robinson [23] argued that colonies of

social insects respond to intrinsic and environmental changes

by adjusting the ratio of working force allocated in the

different tasks. Although Mischocyttarus cerberus styx have

shown some flexibility when all foragers were removed, it is

very unlikely that females recruitment occurs in this species,

since it has a small population and may not have enough

individuals to be reallocated for different tasks. Thus, the

loss of few individuals in this species may prevent colonies

to continue developing. In fact, our data showed that the

removal of 2 or 3 individuals, regardless of their social

position, decreased significantly the number of foraging

trips/hour (Table 6; Figure 2). To perform such analysis we
isolated the effect of the removals based on the hierarchical

position, since the prime objective here was to investigate the

critical number of removals which would affect significantly

the number of foraging trips/hour in M. cerberus styx. The

results obtained were not a surprise for this species since

it has a few individuals per colony and a single female

in a colony of 5 nest mates representing 20% of the total

population and 2 or 3 individuals representing respectively,

40 and 60% of the entire colonial population.

Finally, we concluded that (1) the foraging activity of

the colonies of Mischocyttarus cerberus styx is more sensitive

to the removals of higher ranked females than foragers

since such treatment caused the disruption of the social

hierarchy and forced a rearrangement in the social roles

of females decreasing significantly the number of foraging

trips/hour; (2) in this species, no evident recruitment ofnew
individuals to perform foraging trips was observed after the

experimental manipulations, possibly because of the small

colonial population in this species; (3) the removal of 2 or

3 individuals, regardless the social rank, could bring serious

implications to the food intake of the colony as it affected

significantly the number of foraging trips/hour. In fact, our

preliminary tests showed that the abrupt removal of at least

50% of the colony individuals led to the abandon of females

preventing the colony from continuing developing.

This study represents the first step towards a better

understanding ofhow the eusocial basal Mischocyttarus deals

with internal conflicts and how these colonies adapt them-

selves to new social scenarios. Moreover, we approached for

the first time the existence and probable role of intermediate

females in neotropical basal eusocial wasps.
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Parasitic wasps are important natural enemies of several insect pests. They use a variety of methods to modulate their insect host

for their progeny to develop. For example, the female wasp needs to avoid or suppress the host immune responses by introducing

venom with or without virus like particles and/or polydnaviruses. The aim of this paper is to provide a synthesis of current

knowledge regarding the immunosuppression of host immunity with venom in parasitoids that are devoid of symbiotic viruses.

Special emphasis is given through disabling host hemocytes by venom of the endoparasitoid Pimpla turionellae (Hymenoptera:

Ichneumonidae) with comparisons ofvenoms from other parasitoid species.

1. Introduction

Insects and other invertebrates defend their lives against

foreign materials with their effective immune systems. The

immune system is commonly divided into two major

branches named innate (or natural) and adaptive (or ac-

quired) immunity [1-3]. Although invertebrates have long

been categorized as possessing only innate immunity, cumu-
lative experimental data from invertebrates indicate that

specificity and memory might exist in invertebrates [4].

However, functional evidence for this is still scarce
[ 1 ] . The

innate immune system of insects is divided into humoral and

cellular defense responses [2, 5, 6]. Insects are known to pos-

sess an innate immune system capable of recognizing foreign

(i.e., nonself) materials like parasitic wasp eggs and larvae.

Innate immune responses include phagocytosis, nodulation,

encapsulation, melanization, blood coagulation, and release

of stress-responsive proteins and molecules [1, 2, 5, 6].

Once pathogens and/or invading organisms gain entry

into the hemocoel of the host, they encounter innate defense

mechanisms involving cellular and humoral responses [1].

Humoral defenses include the production of antimicro-

bial peptides (AMPs), reactive intermediates of oxygen or

nitrogen, and the complex enzymatic cascades that regulate

clotting or melanization ofhemolymph [1, 5-7]. In contrast,

a cellular immune response that involves different types

of hemocytes, which participate in pathogen clearance by

phagocytosing microorganisms, trapping them in hemocyte

aggregates nodules, or encapsulation of larger microorgan-

isms and cytotoxic reactions is also triggered
[
1-3, 8] . In fact,

there is an overlap between humoral and cellular defense,

since many humoral factors affect hemocyte function and

hemocytes are an important source of many humoral mol-

ecules [2, 8].

Parasitic wasps have evolved a variety of strategies in

avoiding host-cell-mediated immune responses [5, 6, 9-11].

Endoparasitoids have probably coevolved with their hosts

and use host milieu both for nutrition and as regulatory

signals
[ 12] . To develop successfully in the hemocoel of their

hosts, endoparasitoids suppress, modify, or regulate the host

immune/defense system by maternally derived secretions

by female wasp during oviposition [5, 9]. These secretions

include endosymbiotic viruses (e.g., polydnaviruses (PDVs),

entomopoxvirus), virus-like particles (VLPs), ovarian fluids,

teratocytes (derived from injected eggs), and venoms [5, 9,

13-18].
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Either alone or in combination with other maternal fac-

tors, parasitoid venom is known to have distinct functions,

including inhibition or reduction of the hemocyte responses

[5, 19]. In most cases, venom enhances the effects of PDVs
or calyx fluid rather than serving as separate immunological

suppressants [16, 19-21]. However, in parasitoid species

that are devoid of PDVs or other symbiotic viruses [9, 22-

26], venom would alone perturb host immune defenses and

may complement or replace the functions of other maternal

factors [24].

Examples of such parasitoids include Pimpla hypochon-

driaca Retzius (Hymenoptera: Ichneumonidae) [9, 22], Pter-

omalus puparum L. (Hymenoptera: Pteromalidae) [23, 24],

Nasonia vitripennis Walker (Hymenoptera: Pteromalidae)

[26, 27], Pimpla turionellae L. (Hymenoptera: Ichneumon-

idae) [25], Asobara citri (Hymenoptera: Braconidae) [28],

Asobara tabida (Hymenoptera: Braconidae) [29], and Aso-

bara japonica (Hymenoptera: Braconidae) [30].

The purpose of this paper is to summarize the general

patterns ofchanges in host immunity after parasitism by par-

asitoid species. Emphasis is placed on studies in parasitoids

that are devoid ofPDVs. We will also discuss this subject with

other parasitoid species that lack PDVs in their venoms.

2. Mode ofAction ofVenom That Lacks PDVs

In endoparasitoid and ectoparasitoid species that are devoid

of PDVs and virus-like particles, venom appears to play

a major role in suppression of host immunity [9, 23, 25,

26]. Venoms of parasitoids are notably known to disrupt

host physiology, biochemistry, and development by evok-

ing paralysis, through inhibition of host molting, and by

disrupting calcium homeostasis in specific host tissues in

some cases [9, 22, 25, 31-39]. The composition of venom
from Hymenoptera may vary within groups or even species

[40-42]. Several studies have revealed the composition of

parasitoid wasp venoms to be a complex cocktail of low-

and high-molecular-weight compounds such as amines,

peptides, proteins, enzymes, and glycoprotein [22, 39, 40,

43-61]. This complexity of venom enables parasitoids to

avoid variations in the susceptibility of different hosts to a

single component and to adapt for a wide range ofhosts [60]

.

The physiological effects ofwasp venoms vary depending

on the host species and stage attacked [21, 35, 37, 62]. For

example, idiobiont parasitoids possess venom that paralyzes

or kills the host [63, 64], whereas koinobiont venoms cause

an arrest or slow growth and development [22, 34, 37, 65,

66] . Moreover, qualitative and quantitative changes in venom
content arise with changes in the physiological state of the

wasp associated with age and source of food available for

adult females [67].

3. Alterations in Total and Differential

Hemocyte Count

In endoparasitic wasps not transmitting PDVs, venom has

been shown to paralyze [22, 25], castrate the host [68],

have an antibacterial effect [69], or affect the host immune

system [10, 23, 70-72]. Inhibition of host immune responses

is critical for endoparasitic species to ensure that eggs and

larvae are not recognized and eliminated by the cellular

arm of the immune defenses. Protection for wasp proge-

ny generally is achieved through disabling host hemocytes

[71].

Several authors have reported on the effects of parasitism

on total and differential hemocyte counts in different insect

hosts. Recently, studies have been conducted to examine the

effects of parasitism and venom from P. turionellae on total

and differential hemocyte numbers in two developmental

stages of the host, Galleria mellonella (Lepidoptera: Pyral-

idae) [71]. Total hemocyte count indicated a considerable

decline in the number of circulating hemocytes in G. mel-

lonella pupae and larvae exposed to P. turionellae or any dose

of wasp venom below the LD99 calculated for G. mellonella

pupae and larvae [25] injected experimentally [71], Also,

significant variations in the number of differential hemocyte

counts of G. mellonella occurred among parasitization and

venom treatments in vivo [71]. Significant decreases in the

percentage of granulocytes and increases in the percentage

of plasmatocytes were observed at different time intervals

at pupal and larval stages of G. mellonella [71]. In vitro

assays with isolated G. mellonella hemocytes revealed that

addition of an LC99 dose of venom (0.001 VRE/pL) induced

some vacuole formation in both plasmatocytes and granular

cells within 15 min of treatment [71 ] . However, the degree of

vacuole formation was much more extensive in granular cells

at later time points than for plasmatocytes, and granular cells

seemed much more susceptible to venom as evidenced by cell

death (Figure 1) [71].

The drop in cell numbers in venom-treated and par-

asitized hosts appeared to be due to hemocyte death.

P. turionellae displays a broad host range [73] and can

successfully oviposit in multiple life stages of the same hosts.

Similarly, isolated venom has been shown to be toxic to a

broad range of insects, including multiple developmental

stages and cell types [25]. However, P. turionellae females

select pupae over larvae for oviposition when given a choice

and pupal hemocytes are more susceptible to parasitism and

venom injection [71].

In several lepidopteran hosts, successful parasitization by

parasitic wasps leads to a reduction in the total number of

hemocytes in circulation [74, 75]. Studies suggested that the

number of hemocytes remaining in the hemolymph is an

essential factor of the host immune defense reactions espe-

cially in encapsulation reactions around the parasitoid eggs.

Decreases in hemocyte numbers and increases in hemocyte

damage also occurred in experimentally envenomated insects

[70, 76, 77]. In contrast, Zhang et al. [78] reported that

parasitism by P. puparum resulted in a noticeable increase

in total hemocyte numbers of its two hosts for a defined

period. The same trend was also observed before by Eslin

and Prevost [29] who reported an increase of hemocyte

counts in larvae from six Drosophila melanogaster Fabr.

(Diptera: Drosophilidae) subgroup species after parasitism

by A. tabida.

A major part of our knowledge concerning the immune
suppressive effects of parasitoids on their hosts comes from
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Figure 1: Phase-contrast micrographs of adhesive hemocytes from the last instars of G. mellonella cultured in vitro with isolated crude

venom (0.001 VRE/^L) from P. turionellae. Hemocytes were incubated in vitro at 27°C for lh in TC-100 medium with 10% FBS before

the addition of phosphate isolation buffer (a) or venom (b). Photomicrographs were taken at 45 min after treatment. GR: granular cells;

PL: plasmatocytes; LGR: lysed granular cells; VA: vacuoles. Bar = 20 f/m * (Effects of parasitization and envenomation by the endoparasitic

wasp Pimpla turionellae (Hymenoptera: Ichneumonidae) on hemocyte numbers, morphology and viability of its host Galleria mellonella

(Lepidoptera:Pyralidae) [71]. Copyright [2010] Entomological Society ofAmerica).

PDVs or VLPs. In certain host parasitoid systems, action

of venom components is necessary to enhance the effects

of PDVs [79-81]. However, a limited number of studies

suggest that venom from idiobiont endoparasitoids devoid

of symbiotic viruses may alone affect total and differential

hemocyte counts and hemocyte morphology as a part of

perturbing host immune defenses (Table 1).

In certain host parasitoid systems, the reduction of hem-

ocytes in circulation was caused by cell death [27, 63, 82-

85]. Apoptosis and/or oncosis appear to be necessary means

to manipulate the host to ensure successful development of

parasitoid larvae [27, 63, 82-85]. Recently, studies have been

conducted to examine the ability of P. turionellae venom
to induce cell death in the circulating hemocytes of the

natural host G. mellonella at the larval and pupal stage [82].

The occurrence of apoptosis in venom-treated, parasitized,

and untreated host larvae and pupae was detected using

acridine orange/ethidium bromide double staining method

(Figure 2) [82]. This method of detecting apoptosis is based

on the loss of plasma membrane integrity as cells die

[86]. Cells were identified as viable (green nucleus with

red-orange cytoplasm with an intact membrane), early

apoptotic (cell membrane still continuous but chromatin

condensation and an irregular green nucleus are visible), late

apoptotic (ethidium bromide penetrates through altered cell

membrane and stains the nuclei orange, while fragmenta-

tion or condensation of chromatin is still observed), and

necrotic (orange nucleus with intact structure) [86, 87]. Also

venom-induced apoptosis was detected using an Annexin

V-FITC and propidium iodide apoptosis detection kit [82].

The kit relies on cells undergoing early apoptosis translo-

cating membrane phosphatidylserine (PS) to the cell surface

[82].

Acridine orange/ethidium bromide double staining indi-

cated that parasitism and experimental envenomation of G.

mellonella by P. turionellae resulted in markedly different

effects on the ratio of apoptotic hemocytes circulating in

hemolymph depending on the host developmental stages

[82]. The ratio of early and late apoptotic hemocytes

increased more than 100% compared to untreated, null-,

and PBS-injected controls for host pupae and larvae at

higher doses of venom and after parasitization for pupae.

Venom-induced apoptosis was also observed in vitro using

hemocytes from the last instar larvae of G. mellonella double

stained with an annexin-V-sensitive probe (conjugated to

FITC) and propidium iodide (Figures 3 and 4) [82].

Staining of hemocytes with annexin V-FITC revealed green

fluorescent “halos” along the plasma membranes of venom-

treated cells within 15 min following exposure to venom.

By 1 h after venom treatment, the majority of hemocytes

displayed binding of this probe, indicative of early stage

apoptosis. These same hemocytes also displayed a loss of

plasma membrane integrity at the same time points as

evidenced by accumulation of propidium iodide in nuclei

[82].

The most common feature shared in the action of wasp

secretions and viral products is the induction of cell death

in selected tissues of the insect host [85]. Apoptosis and/or

oncosis appear to be necessary means to manipulate the

host to ensure successful development of parasitoid larvae
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Table 1: Changes in total and differential hemocyte counts and hemocyte morphology induced by parasitism and venom from the

parasitoids devoid of symbiotic viruses.

Parasitoid Host Treatments
Effects observed

Ref.

THC DHC Hemocyte Morph.

GR increased

Pimpla turionellae Galleria mellonella
Parasitized

Venom
Reduced

Reduced

PL reduced

GR increased (i) Vacuole formation
[71]

PL reduced (ii) Membrane blebs

Cells derived from (i) Rounded

Pimpla turionellae Trichoplusia ni and Venom (ii) Plasma membranes [25]

Aedes aegypti Swelled

(i) Retract cytoplasmic

Nasonia vitripennis
Cells derived from

Trichoplusia ni
Venom

extensions

(ii) Rounded

(iii) Vacuole formation

[27]

Nasonia vitripennis Sarcophaga bullata
Parasitized

Venom
Reduced

Reduced

PL reduced

PL reduced

(i) Retract pseudopods

(ii) Rounded
[26]

Asobara citri Drosophila melanogaster Parasitized Reduced
PL reduced

LM reduced
[28]

Asobara tabida 6 Drosophila species Parasitized Increased
PL increased

LM increased
[29]

Parasitized Reduced PL reduced

Asobarajaponica Drosophila melanogaster
Venom +

ovarian extract
Reduced PL reduced No effect [30]

Ovarian extract No changes No changes

Pimpla

hypochondriaca
Lacanobia oleracea Venom Reduced

Extensive damage

disintegration
[10]

Pteromalus

puparum
Pieris rapae

Parasitized

Venom
Increased

PL reduced

GR increased Rounded
[23]

[63, 76, 89] . Apoptosis, triggered by symbiotic viruses of par-

asitoid wasps has already been reported in previous studies.

In Pseudoplusia includens Walker (Lepidoptera: Noctuidae)

parasitized by Microplitis demolitor Wilkinson (Hymenop-

tera: Braconidae), infection with PDV induces host gran-

ulocytes to undergo apoptosis characterized by cell surface

blebbing, fragmentation of DNA, and chromatin conden-

sation, while plasmatocytes lose their capacity to adhere

to foreign surfaces [90]. In Diachasmimorpha longicaudata

Ashmead (Hymenoptera: Braconidae)/Anastrepha suspensa

Loew (Diptera: Tephritidae) system, the entomopoxvirus of

the parasitoid caused hemocyte apoptosis [91]. In Heliothis

virescens Fabricius (Lepidoptera: Noctuidae) larvae para-

sitized by Toxoneuron nigriceps (Hymenoptera: Braconidae),

total number of hemocytes decreased and the hemocytes

showed different structural damages which suggested the

occurrence of apoptosis and these hemocyte alterations

selectively induced in granulocytes [92], In Pseudaletia

separata Walker (Lepidoptera: Noctuidae) parasitized by

Cotesia kariyai (Hymenoptera: Braconidae), the hemocytes

increased in number and PDVs induced apoptosis in

the circulating hemocytes and hematopoietic organs [83].

Suzuki and Tanaka demonstrated that injection of Meteorus

pulchricornis Wesmael (Hymenoptera: Braconidae) virus like

particles into P. separata induced apoptosis in hemocytes,

particularly granulocytes [93]. The authors suggested that

induction of apoptosis could be triggered directly or indi-

rectly by the viral gene products expressed in host cells

[93]. It is speculated that the envelopes of VLPs seem to

contain some ligands for penetration against receptors on

the host cell surface and specificity between such ligands

and receptors relates to susceptibility of host tissues to VLPs

function [93]. Relatively, little is known about the mecha-

nisms involved in hemocyte apoptosis induction triggered by

endosymbiotic viruses or VLPs. Cytoplasmic bleb formation

is frequently associated with plasma membranes of apoptotic

cells and involves disruption of the cytoskeletal membrane
interactions and is speculated to depend on the activation of

Ca2+ -dependent proteases [85, 94, 95]. Protease activation

is dependent on an elevation of intracellular calcium and

involvement of phospholipases [85, 96]. Influx of Ca2+

through L-type calcium channels on the plasma membrane
and mobilization of calcium from intracellular stores are

primary effects of several animal viruses [85, 97].

Despite the lethal action of parasitic wasp venoms on

their hosts, the molecular mechanisms caused by venom in

suppressing host immunity and inducing death are partly

unknown. In most cases, venom enhances the effects ofPDVs
or calyx fluid rather than serving as separate immunological

suppressants [16, 19-21]. However, in parasitoid species that

are devoid of PDVs or other symbiotic viruses venoms alone

perturb host immune defenses. In the P. puparum/Pieris
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(c) (d)

Figure 2: Acridine orange/ethidium bromide double staining of G. mellonella hemocytes with characteristic symptoms of apoptosis,

(a) Normal hemocytes from untreated larvae, (b) early apoptosis, (c) late apoptosis, and (d) necrosis from parasitized larvae of G. mellonella.

Scale bar 10 pm * (Effects of parasitism and application of venom from the endoparasitoid Pimpla turionellae on hemocytes of the host

Galleria mellonella [82]. Copyright [2010] Blackwell Verlag, GmbH).

rapae Linnaeus (Lepidoptera: Pieridae) system venom alone

was shown to prevent spreading and encapsulation ofhemo-

cytes; however, staining of filamentous actin showed that

the cytoskeleton of host hemocytes was not visibly affected

by venom treatment [23]. Parasitization and high doses of

venom from P. turionellae induced hemocyte apoptosis in

the larval and pupal stage of the host G. mellonella [82]. Also

observations revealed that when envenomation experiments

are performed in media lacking a source of calcium, PI

accumulates in the nucleus but annexin V does not bind

to the hemocytes. These findings indicate that venom from

P. turionellae induces apoptosis in hemocytes by a pathway

dependent on extracellular calcium influx [82]. However

information is lacking on how venom operates at the cellular

level or interactions that occur between venom proteins and

target hemocytes. Similarly, venom from P. hypochondriaca

that lacks PDV and VLP kills the L. oleracea hemocytes

by apoptosis in a dose-responsive manner [84], Another

study indicates that venom from P. hypochondriaca triggers

apoptotic pathways leading to cell death in some cell types

and active phenoloxidase in venom triggers apoptosis in

cultured insect cells [98] . Venom from the ectoparasitic wasp

N. vitripennis causes the host hemocytes to die by an oncotic

mechanism largely due to the induced cellular swelling [26].

However, further studies suggested that apoptotic and/or

nonapoptotic programmed cell death is the primary mecha-

nism ofhemocyte death evoked by N. vitripennis venom [27].

The identification of calreticulin in both P. hypochondriaca

and N. vitripennis makes it the candidate in venom to

trigger apoptotic pathways [27, 99, 100]. Calreticulin is a

Ca+2 -binding protein that modulates calcium levels in both

endoplasmic reticulum (ER) and mitochondria, and, hence,

once in the intracellular environment, this protein could

conceivably stimulate the venom-induced mobilization of

intracellular calcium, which in turn would trigger numerous

cellular changes including movement of the cytoskeletal

filaments, swelling, and death by oncosis and apoptosis

[98, 101]. Also, laccase in venom from N. vitripennis has

phenoloxidase activity, which could evoke disruption of

plasma membrane integrity in susceptible cells, blebbing,

rounding, and swelling, and it was suggested that, together

with calreticulin, they could be involved in venom-mediated

mobilization of intracellular calcium that ultimately leads to

cell death [61, 102] . The cytotoxic effects triggering apoptosis
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Control 15 min Venom

Figure 3: Fluorescence microscopy of hemocytes collected from G. mellonella incubated with crude venom from P. turionellae and double

stained with an annexin-V-sensitive probe (conjugated to FITC) and propidium iodide. Qualitative labeling of annexin V in the plasma

membrane (b and e) or cellular uptake of propidium iodide (c and f) was monitored 15 min after exposure to wasp venom. Cells exposed

to PBS served as controls (a)-(c), and a 0.25 VRE dose of P. turionellae venom was used for toxicity assays (d)-(f). PL: plasmatocyte; GC:

granular cell; AH: annexin halo; PI: propidium iodide. The bar corresponds to 18 y.m. * (Effects of parasitism and application ofvenom from

the endoparasitoid Pimpla turionellae on hemocytes of the host Galleria mellonella [82]. Copyright [2010] Blackwell Verlag, GmbH).

of parasitoid venoms that are not working with symbiotic

viruses synergistically could also be attributed to the com-

ponent metalloproteinases which were identified in wasp

venom [53, 82, 100]. Previously apoptosis caused by snake

venom metalloproteinases has been characterized in human
endothelial cells [103, 104].

Another possible mechanism that is responsible for vari-

ations in the hemocyte numbers that is associated with par-

asitism in several host-parasitoid systems could be the sup-

pression of cell cycle via parasitoid-derived secretions. It is

known that the maintenance of circulating hemocytes is sup-

plied by the mitosis of circulating hemocytes itself and from

hematopoietic organs [105, 106]. In G. mellonella, Bom-
byx mori Linnaeus (Lepidoptera: Bombycidae), and Euxoa

declarata Walker (Lepidoptera: Noctuidae) mitosis in circu-

lating hemocytes has been observed and it was confirmed

that 1-8% of the population of circulating hemocytes is in

the mitotic phase [105, 107-109]. Er et al. [82] recently

showed that both parasitization and envenomation by P. turi-

onellae venom resulted with a considerable decline in mitotic

hemocytes in circulation of G. mellonella. Though there are

few studies on the effect of endoparasitoid venom or para-

sitization on mitosis of host hemocytes, it was revealed that

mitosis of circulating hemocytes halted after the injection of
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Control 1 h Venom

Figure 4: Fluorescence microscopy of hemocytes collected from G. mellonella incubated with crude venom from P. turionellae and double

stained with an annexin-V-sensitive probe (conjugated to FITC) and propidium iodide. Qualitative labeling of annexin V in the plasma

membrane (b and e) or cellular uptake ofpropidium iodide (c and f) was monitored 1 h after exposure to wasp venom. Cells exposed to PBS

served as controls (a)-(c), and a 0.25 VRE dose of P. turionellae venom was used for toxicity assays (d)-(f). PL: plasmatocyte; GC: granular

cell; ALL annexin halo; PI: propidium iodide. The bar corresponds to 15 /am. *
(Effects of parasitism and application of venom from the

endoparasitoid Pimpla turionellae on hemocytes of the host Galleria mellonella [82]. Copyright [2010] Blackwell Verlag, GmbH).

C. kariyai PDV plus venom into P. separata [83] . The authors

demonstrated that the PDV plus venom caused the disap-

pearance ofthe 4C and 8C ploidies, and PDV alone produced

the humoral plasma factors that suppress the cell cycle [83].

Further investigation is needed concerning the mechanisms

involved in cell cycle arrest as there are only a few studies on

venom-induced changes in mitotic indices of the host.

4. Encapsulation

The major immune response towards internal parasites and

other foreign entities that enter the insect’s hemocoel is

encapsulation [72, 90, 110, 111]. The sequence of how
different hemocyte types are engaged in encapsulation,

including recognition, opsonization, recruitment of cells,

and formation of a multilayer sheath, has also been described

[2, 72, 112, 113]. Encapsulation begins when host granulo-

cytes attach to the surface of a foreign target. The attached

granulocytes lyse or degranulate, releasing the contents of

their granules over the foreign object. This is assumed to

attract and allow the plasmatocytes to attach. Termination

of capsule formation occurs when a subpopulation of

granulocytes adheres in a monolayer around the periphery

of the capsule [5, 14, 72, 114-116]. The process is ultimately
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(a) (b) (c)

Figure 5: Encapsulation of Sephadex A-25 beads in G. mellonella larvae, (a) Negative (no or only a few beads attached to the bead), (b) weak

(2-10 layers ofhemocytes around the bead), AND (c) Strong (more than ten layers ofhemocytes around the bead). * (Levels ofencapsulation

and melanization in Galleria mellonella (Lepidoptera: Pyralidae) parasitized and envenomated by Pimpla turionellae (Hymenoptera:

Ichneumonidae) [72]. Copyright [2009] Blackwell Verlag, GmbH).

accompanied by blackening of the capsule because of melan-

ization and finally the encapsulated organism almost always

dies [2, 5]. Several factors, including asphyxiation, the local

production of cytotoxic quinones or semiquinones via the

proPO activation cascade during melanization, free radicals,

and antibacterial peptides have been suggested to function as

killing agents [1,2, 110, 117, 118].

An important point of the encapsulation response in

insects is associated with host-parasitoid relationships. En-

doparasitoid species that lay their eggs into insect hosts

must avoid encapsulation responses of the host hemocytes.

According to Strand and Pech [115], the most direct way of

preventing encapsulation is to destroy, deplete from circu-

lation, or alter the behavior of the hemocytes that mediate

encapsulation. Many parasitoids do this by introducing fluids

at the time of oviposition that contain antihemocytic and/or

immunosuppressive factors [119]. Some of these factors

may be derived from PDVs or VLPs while others from

venom produced by the adult female parasitoids. The role of

PDVs, VLPs, and other ovarian fluids in suppression of host

encapsulation ability in many parasitoid-host systems has

been well documented [13, 75, 79, 93, 120, 121]. However,

a limited number of studies suggest that venom from

endoparasitoid species devoid ofsymbiotic viruses may alone

suppress encapsulation reactions of the host hemocytes.

We recently described how parasitism and venom
from P. turionellae that lacks symbiotic viruses affected the

encapsulation and melanization rates of G. mellonella larvae

and pupae [72]. In the experiments, DEAE-Sephadex A-25

beads were used as encapsulation targets. The removed

beads from the insects scored as negative (no, or only a

few hemocytes attached to beads), weak (2-10 layers of

hemocytes around beads), and strong (more than 10 layers

of hemocytes around beads) (Figure 5) [72, 119]. The

analysis of the Sephadex A-25 beads injected in different

developmental stages of G. mellonella revealed that a strong

encapsulation reaction can occur in the pupal stage but

the encapsulation material was less compacted compared

to larvae [72]. Our investigation revealed that the number

of beads strongly encapsulated and melanized was reduced

by more than 50% at 4 and 24 h after injection of venom
in pupae (0.05 VRE) and in larvae (0.5 VRE) [72]. Similar

results were also obtained when beads were recovered

from parasitized pupae indicating that parasitization by P.

turionellae suppressed hemocyte-mediated encapsulation in

G. mellonella [72]. Our results are similar to those reported

in the host parasitoid systems that lack symbiotic viruses

where venom was shown to prevent encapsulation (Table 2).

The efficacy of encapsulation response is known to be in-

fluenced by a number of parameters, including the number
of hemocytes available and their ability to spread [115, 120,

121]. Thus changes in the spreading ability of hemocytes

caused by venom are also shown in Table 2. Parasitism by an

ectoparasitoid N. vitripennis was showed to have an impact

on host hemocytes that plasmatocytes and granulocytes lost

the ability to spread [26]. Similarly venom from the endo-

parasitoid P. hypochondriaca affects the spreading of plasmat-

ocytes [10]. In the P. puparum/P. rapae and P. puparum/P.

xuthus systems the spreading of hemocytes was greatly

inhibited with venom resulting from the inhibition of plas-

matocyte pseudopod formation [23, 78].

Since P. turionellae and other endoparasitoid species spe-

cially emphasized on in this paper are devoid of any VLPs

or PDVs, it was expected that components of the wasp

venoms could contribute towards avoidance of encapsulation

by the parasitoids. However, limited numbers of endopar-

asitoid venom proteins have been reported to affect the

hemocyte behavior of insects [122]. For example, a single

venom protein Vn.ll with a mean of 24.1 kDa in size has

been isolated from P. puparum venom [24]. The protein

was identified as an immune suppressive factor, and was

suggested to affect the spreading and encapsulation ability

of host hemocytes [24] . P. puparum venom was also shown

to influence gene expression in host hemocytes and fat body

[123]. Venom treatments led to reductions in expression of

a large number of genes acting especially in immunity
[ 123]

.

Biochemically isolated venom proteins Vprl and Vpr3 from

P. hypochondriaca were shown to suppress encapsulation
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Table 2: Changes in the encapsulation and spreading ability ofhemocytes induced by parasitism and venom from the parasitoids devoid of

symbiotic viruses.

Parasitoid Host Treatments
Effects observed

Hemocyte encapsulation ,.
' spreading

Ref.

Pimpla turionellae Galleria mellonella
Parasitized

Venom
Reduced

Reduced
[72]

Pimpla turionellae
Cells derived from Trichoplusia ni

and Aedes aegypti
Venom Reduced [25]

Nasonia vitripennis Sarcophaga bullata Venom Reduced [26]

Asobara citri

Asobara tabida

Drosophila melanogaster

Drosophila melanogaster

Parasitized

Parasitized

Reduced

No effect
[28]

Drosophila sechellia

Drosophiala melanogaster
Parasitized Slight ability to encapsulate

Asobara tabida
Drosophila mauritiana Drosophila

yakuba
Parasitized

Medium ability to

encapsulate
[29]

Drosophila teissieri

Drosophila simulans
Parasitized High ability to encapsulate

Asobara japonica Drosophila melanogaster Parasitized Reduced [30]

Pimpla hypochondriaca Lacanobia Oleracea (larval stage) Venom Reduced Reduced [10]

Pimpla hypochondriaca Lacanobia Oleracea (pupal stage) Venom Reduced [54]

Pteromalus puparum Pieris rapae Venom Reduced Reduced [23]

Pteromalus puparum
Pieris rapae

Papilio xuthus
Venom Reduced [78]

Pteromalus puparum Pieris rapae Venom Reduced [88]

responses in a lepidopteran larva in vivo and to inhibit the

spreading and aggregation of insect hemocytes maintained in

vitro [119, 122]. These works also represent for the first time

that the genes for such proteins (i.e., Vprl and Vpr3) have

been identified from P. hypochondriaca and that a function

can be applied to proteins produced from the Vprl and

Vpr3 genes [119, 122], In C. rubecula venom that contains

PDV, a 58 kDa calreticulin-like protein was found to inhibit

the spreading behavior of the host hemocytes and thus

preventing the encapsulation of the developing parasitoid

in the host [124]. Despite the considerable attention given

to determine the role of venoms in suppression of host

encapsulation response, the modes of action or molecu-

lar target sites of parasitoid venom components in host-

endoparasitoid systems is still not well known and is in need

of further investigation.

5. Conclusion Remarks

In certain host parasitoid systems, venom that is injected

prior to oviposition can elicit a diverse range of host re-

sponses including suppression of host immune responses.

As discussed in this paper, venom can lead to a reduction

of hemocytes in circulation, and this phenomenon was

thought to be caused by cell death via apoptosis. Also,

we have provided an overview of current knowledge on

the effects of venom on hemocytic encapsulation responses

in different developmental stages of the host insects.

Because endoparasitoid species specially emphasized on in

this paper are devoid of any VLPs or PDVs, it was expected

that components of the wasp venoms could contribute

to avoidance of encapsulation by the parasitoids. A series

of potential candidates in venom that has obvious potential

roles in venom-mediated immunosuppression have been

identified in several wasp venoms. However the information

presented in this section lacks many mechanistic details

of how venom components suppress hemocyte-mediated

immune responses at the cellular level. The characterization

of venom proteins and comparative genomic approaches

should provide insights into their possible mechanisms of

action in host-parasite interactions at molecular level. This

represents an area of new studies associated with host

regulatory factors in parasitoid venom that needs further

investigations.
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Foraging behavior in social wasps is important in the development of the colony and reflects an important ecological interaction

between the colony and the environment. Although the social traits ofthe colony play a role in the foraging activities, the conditions

that establish the space and time limits are mainly physical. Here, we evaluate colonies of Polybia paulista throughout one year in

order to verify the foraging activities and the items collected, as well as the importance oftemperature, relative humidity, and solar

radiation on motivating foraging. Collection of liquids was always higher than that of solids; preys were collected all year long,

and nests showed two annual episodic expansions. The linear mixed effects (LME) model used to analyze which weather factors

influence the foraging showed temperature as the most influencing factor on the collection of materials.

1. Introduction

Polybia is the genus of Neotropical swarm-founding Polisti-

nae (Epiponini) with the highest number of species. The

swarm-founding polistines are largely tropical in distribu-

tion, and although they comprise a relatively small group in

terms of species number, they exceed all other eusocial wasp

groups in terms of taxonomic diversity at the generic level,

diversity of nest architecture, and range of colony size
[ 1 ]

.

Although the Epiponini are highly social bearing com-

plex societies, the morphological caste differentiation is often

weak [2]. Bourke [3] suggested that complex societies have

complex division of labor, caste differentiation, and a large

number of individuals. Conversely, Jeanne [4] suggested that

complexity in epiponines is more related to the number
of behavioral acts performed by the worker caste than to

morphological caste differences.

Sociality extends the possibilities of obtaining resources

and provisioning the colony since it shows behaviors such

as recruitment and division of labor [5]. Different patterns

of social organization among wasps correspond to different

possibilities for partitioning location, collecting, transport-

ing, or storing of resources [5]

.

In Epiponini, workers perform basic tasks related to nest

building, foraging, brood feeding, and defense
[ 1 ] . Such tasks

are usually quite complex and highly organized
[ 1 ] . Division

of labor is based on worker’s age, and it is very well developed

in epiponines even in species with very small colonies [6,

7]. Workers pass through three discrete temporal castes:

younger workers perform low-risk activities inside the nest

[7]; midage workers perform external nest activities, such

as construction, cooling, reception of loads from incoming

foragers, and defense against predator and parasites [7];

finally, older workers perform high-risk activities away from

the nest, such as foraging [6-10].

Foraging behavior in social wasps is important in the

development of the colony and provides a significant under-

standing on the involvement of the castes in the division of

labor [5, 7]. Furthermore, it reflects an important ecological

interaction between the colony and the environment, since

the colony needs water, plant fibers (pulp), protein, and

carbohydrates [11]. The water is required for temperature

control [12, 13], nest construction [14], and metabolic

processes [5]. Plant fibers are essential for construction and

repair of cells, peduncle, and envelope
[ 15] . Animal protein is
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used mainly for feeding the larvae [16]. Carbohydrates serve

as an important energy source for both adult individuals and

brood, so they represent a critical supply for the growth of a

wasp colony [5, 13].

Many studies have been done with the purpose of verify-

ing several aspects related to the flight and foraging activity of

social wasps, such as daily and seasonal activity of searching

for resources, items collected, influence of colony and envi-

ronment factors on the foraging, and foraging activity behav-

ior patterns [17-33]. The foraging activity of these wasps

varies throughout a day and throughout the seasons, but also

according to the place where the study is carried out [26].

Although the social behavior of the colony plays an im-

portant role in the process of foraging activities, the condi-

tions that establish the limits where and when foraging is

feasible are mainly physical, such as light and temperature

intensity [34], Temperature and relative humidity seem to

have a great influence on the foraging activity of Neotropical

social wasps [19, 20, 24, 26, 30, 31], even luminosity is also

recognized as an important factor [18, 23, 30]. Moreover,

other factors such as atmospheric pressure and winds may
affect foraging rhythm ofwasps, with longer days being more

favorable for flight [17].

Even though physical conditions are important to deter-

mine foraging activity, few authors have tried to access

worker behavior throughout a complete colony cycle and

to correlate it with ecological aspects that may influence

foraging activities. Furthermore, understanding the factors

that influence insect activities, such as foraging, is primary

for all kinds of posterior studies. So, annual studies such

as the presented here bring a valuable contribution to our

knowledge on social insect life histories. Here, we show that

foraging behavior in Polybia paulista is mainly influenced by

temperature.

2. Material and Methods

2.1. Study Site. The study was carried out on Universi-

dade Estadual Paulista “Julio de Mesquita Filho” campus

IBILCE/UNESP (20°49
/

ll
,/W, 49°22'46"S), city of Sao Jose

do Rio Preto, Sao Paulo State, Brazil, from December 2007 to

August 2008 and September 2009 to November 2009.

The study area is characterized by dry winter and wet

summer [35] with annual mean temperature of 26.4°C and

relative humidity of 68% [36]. The annual distribution of

rainfall includes a rainy season with 85% of the total annual

precipitation and a dry season with only 15% of the total

annual precipitation [36]. The months of the year were

divided in two separated seasons, the cold and dry season

(CDS, mean temperature: 24.5° C, mean humidity: 63%)
from April to September and the hot and humid season

(HHS, mean temperature: 26.9° C, mean humidity: 71%)
from October to March [36].

2.2. Data Collection. Two to four observations were per-

formed monthly, 14 observations were carried out during

the HHS, and 12 during the CDS in five different colonies

(Table 1). All colonies were in postemergence stage according

to the classification proposed by Jeanne [37] and had nearly

the same size, approximately 1,500 wasps. The exact amount
of wasps was not censed because our primary goal was to

accomplish as much observations as possible in the same

nest.

The nests were observed for 1 5 minutes every interval of

two hours, from 10:00 to 16:00 h, totaling one hour of daily

observations. We counted the number of wasps returning to

the nest and the type of material carried by them (pulp, prey,

or liquid material).

In order to identify the material brought by the wasps,

the behavior “landing on the nest” was taken into account as

described by Prezoto et al. [38] and complemented by Pereira

[27]. If she landed with a prey, she had a solid material in

her mandibles and walked directly into the nest or, if the

prey was very big, she divided this material with another

wasp on the nest surface. After that, both entered the nest.

When she returned with pulp, she had a dark and rounded

solid material in her mandibles, and she passed or divided

the material with other wasps. When the wasp returned

with liquid (it was not possible to distinguish among wasps

bringing nectar or water), she could enter in the nest without

any visible material in her mouthparts or she could perform

trophallaxis. In this case, one could see the droplets being

transferred and her abdomen getting smaller. When she went

back and did nothing for about 5 seconds, it was because

she returned without any material. In some situations, it

was not possible to identify successfully the type of material

collected by foragers. In this case, the material was treated as

unidentified (un).

We measured the weather conditions right below the

nests at the end of each observation. To measure temperature

and relative humidity, a thermohygrometer Incoterm was

used under the tree where the nests were and light intensity

was measured by using a digital luximeter ITLD-240 in an

open area 1 m aside the nest.

2.3.

Data Analyses. Since we are comparing data temporally

correlated with one another, statistical methods that assume

independence of observations could overstate the signifi-

cance of any predictive factor. Linear mixed effects (LME)

models offer a useful alternative to traditional univariate

or multivariate repeated-measures ANOVA models [39].

Therefore, LME models were used to test for statistically

significant influence of weather conditions on the number
of wasps foraging.

In the first step, the basic model was compared to a

model containing the same fixed effects and different random
effects for seasonal adjustment (Table 2(a)). In the second

step, the seasonally adjusted model without correction for

serial correlation was compared to a seasonally adjusted

model with serial correlation incorporated as a first-order

auto-regressive (AR1) covariance structure (Table 2(b)).

Finally, the optimal model in terms of the residual cor-

relation structure was used to test which variables (tem-

perature, humidity, luminosity, season, month, and hour)

best explain the number of wasps foraging (Table 2(c)). We
applied data dredge statistics (dredge-MuMIn R package,

http://r-forge.r-project.org/) to automatically generate the

best four models combining the fixed terms of the global
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Table 1: Months in which each nest was sampled and the number ofdays that each nest was observed, as well as the substrates, growth habit,

and height where the nests were found in the social wasp Polybia paulista.

Colony Month(s) sampled Number of observations Substrate Growth habit Height

N1 Dec (2007), Jan, Feb, Mar, Apr (2008) 8 Caesalpinia echinata (Fabaceae) Tree 1.5 m
N2 May, Jun (2008) 3 Copernicia sp. (Arecaceae) Palm-tree 2.0 m
N3 Jul, Aug (2008) 4 Licania tomentosa (Chrysobalanaceae) Tree 2.0 m
N4 Sep, Oct (2009) 7 Licania tomentosa (Chrysobalanaceae) Tree 2.5 m
N5 Nov (2009) 4 Copernicia sp. (Arecaceae) Palm-tree 1.8 m

Table 2: Linear mixed effects (LME) models performed between

the number of wasps foraging in Polybia paulista and six explana-

tory variables (temperature, humidity, luminosity, season, month,

and hour). Tested models comparison: k = degree of freedom,

AAICc = difference in Akaike s Information Criterion for each

model from the most parsimonious model, and wAICc = AICc

weight.

(a) Random effects

k AAICc wAICc

Nest + month 10 0.00 0.779

Nest + month + hour 11 2.5 0.221

Nest 9 21.7 <0.001

(b) Correlation structure

k AAICc wAICc

corARl 11 0.00 0.541

corARMA 11 0.50 0.431

Without correlation 10 6.4 0.022

corCompSymm 11 8.9 0.006

(c) Fixed effects

k AAICc wAICc

Season + temp 7 0.00 0.41

Season + temp + humidity 8 1.15 0.23

Temp 6 1.18 0.22

Season + hour + temp 8 2.11 0.14

model. The Akaike information criterion corrected for small

sample size (AICc) was used to select the best fitting LME
models [40]. Akaike weights were used to evaluate model-

selection uncertainty. A modeTs Akaike weight (wAICc)

expresses the weight of evidence favoring that model as the

best of all those in the model set; the weights of all models

together sum to 1 [40]. Data analyses were performed using

the program R 2.12.2 [41] (http://www.r-project.org/), with

the package nlme [42].

3. Results

3.1. Foraging Activity throughout the Year. Foraging rate

was apparently higher in some months along the year. In

February, April, June, August, and September, more than 250

wasps were seen foraging in one day, which was sampled

only one hour (Figure 1). Collection of liquids (water and

Figure 1: Mean number of foragers of Polybia paulista observed

returning to the nest per day for each month of observation. Each

day was sampled four times, during 15 minutes each. Thin bars are

standard deviations.

nectar) was always higher than other materials collected

(55% to 80% of the collected materials, Figure 2). Collection

of solids was small and occurred in all months. In June,

we registered the highest prey collection, in which 21% of

the foragers returned with this material. In contrast, in July,

September, October, November, and December, the lowest

rate of prey collection was registered, ca. 6.25%. In January,

February, March, April, May, and August, prey collection

was intermediate (ca. 12.2%, Figure 2). Pulp collection

occurred in six months, from August to January, and it

was made up from 0.2% to 12% of the material collected

by the foragers. However, in October and November, only

three wasps were recorded collecting pulp. On the other

hand, December, January, August, and September presented

the highest number of wasps collecting pulp (Figure 2).

Construction was observed in three different nests, one in

December and January, another in August, and a different

one in September.

A small percentage of foragers arrived without any

material in almost all months (Figure 2).

3.2. Environmental Factors. The maximum temperatures

recorded in both seasons were the same; the minimum
temperatures and the means differed by about two degrees

Celsius (Table 3), which shows a small variation along the

year [36]. The amplitude was approximately 10.5°C for the

HHS and 12.5°C for the CDS (Table 3). However, the daily

amplitude was different for each season, 7.25° C on average

for the HHS and 4.6°C on average for the CDS. During the

HHS, the maximum humidity recorded was 92% and the

minimum was 48%, the mean was 71%, and the median
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Table 3: Weather conditions recorded throughout the year for the foraging study in the social wasp Polybia paulista. Maximum (max) and

minimum (min) absolute values and mean values of temperature (°C), relative humidity (%), and light intensity (lux X 100) for each month

and the entire season. HHS: hot and humid season. CDS: cold and dry season.

Temperature (°C)

Max Min Mean

Humidity (%)

Max Min Mean

Light intensity (Lux X 100)

Max Min Mean

Oct 31.0 22.0 24.4 91 48 69 1248 50 569

Nov 32.0 24.0 26.1 91 50 70 1487 124 1108

Dec 26.0 24.0 28.2 79 66 74 498 258 386

HHS Jan 27.0 21.5 24.6 91 70 80 994 227 494

Feb 30.0 22.0 24.9 91 65 77 1547 27 888

Mar 31.5 25.5 26.4 92 52 63 1404 82 910

Season 32.0 21.5 26.9 92 48 71 1547 27 790

Apr 32.0 29.0 29.2 67 54 61 1213 64 637

May 26.5 19.5 30.6 100 59 79 900 16 353

Jun 27.0 23.0 23.3 83 63 74 933 53 643

CDS Jul 23.0 20.0 24.8 64 43 51 1031 479 828

Aug 28.0 23.5 21.6 67 33 52 1087 237 672

Sep 31.0 20.0 25.8 83 42 67 1253 159 685

Season 32.0 19.5 24.5 100 33 63 1253 16 644

un Q Prey

I wm Liquid

Pulp

Figure 2: Mean percentage of foragers of Polybia paulista returning

to the nest for each day of observation bringing liquid, prey, pulp,

nothing (wm), and unidentified material (un) for each month,

season, and the entire year. HHS: hot and humid season. CDS: cold

and dry season.

was 71.5% (Table 3). On the other hand, during CDS, the

maximum humidity was 100% in a day that was raining,

while the minimum was 33%, the mean was 63%, and

the median was 62% (Table 3). The amplitudes were large,

49 percentage points throughout HHS and even larger, 67

percentage points during CDS (Table 3). The maximums,

minimums, and means of light intensity were very similar

in both seasons and varied widely throughout the year

(Table 3). According to the climatic data for the last 20 years

[36], the period in which our observations were performed

presented a typical weather condition to that geographic re-

gion.

Since more than one sampling was done in the same nest

and the samplings closer in the time are more likely to be

under the same biological effects, the use of LME models is

imperative. The model explaining the number of foraging

wasps that included only season and temperature was the

best supported (Table 2(c), Figure 3).

4. Discussion

4.1. Foraging Activity throughout the Year. Liquid material

was widely collected (Figure 2), and this might be due to its

importance in wasps metabolism (water and nectar), main-

tenance of nest temperature (water), and nest construction

(water). Water is a limiting factor for the development of

wasps [43] . On the other hand, nectar is extremely important

in adults’ diet, and several authors pointed out that it is

the most collected material in different periods in the year

[17, 19, 20, 29, 30, 33,44].

Pulp collection, used for nest construction and repair,

was observed only in six months, two months during the

CDS and four months in HHS. However, construction was

in fact observed only in four months when the greatest

amounts of pulp were collected (August-September and

December-January, Figure 2). According to Jeanne [1], as

brood reproduction in swarm-founding polistines occurs

in pulses, nest expansion is also episodic. Thus, when nest

expansion occurs, it is typically a discrete event, lasting

several days. In contrast, after a reproductive event, addition

of cells to the nest may not occur for months.

Collection of preys occurred all year long (Figure 2).

Since preys provide animal protein for brood development,

the amount of preys captured by foragers is an indirect
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CDS HHS

Figure 3: Number of foragers that arrived at the nest every 15 minutes in relation to season and temperature. There is a clear influence of

temperature on foraging for both. Lines were estimated by linear mixed effect (LME) model, according to the equation: Number of wasps

foraging = -29.98 + 28.79 x Season + 2.82 x Temperature + Random effect + Residual, where Random effect ~ N (0, 23.04) and Residual

~ N (0, 28.06). CDS: cold and dry season. HHS: hot and humid season.

measure of the number of immatures and, consequently,

indicates colony reproduction. According to Machado [45],

colonies of Polybia paulista produce reproductives once a

year in the rainy months (HHS) at the ending and beginning

of the year. However, the production of workers occurs in

the intermediate period. So, a colony can exist for up to three

years at the same place, but swarms occur periodically.

The fact that prey was collected all year long suggests that

production of workers happens all over the year, depending

on the necessity of each nest. It was noted by Jeanne [1] that

in regions with unfavorable season (like a harsh wet or dry

season), colonies face several reproductive constraints and do

not reproduce all the year. The wasps seem to “consider” that

both seasons are adequate to raise brood in the place of study.

Moreover, we found some evidences about a greater

activity during CDS. It is known that besides an ideal

temperature, water is another important requirement for egg

development. When it is available in insufficient amounts,

the embryogenesis becomes quiescent or the embryo remains

in diapauses [46]. However, the ideal humidity quantity

necessary for that is not known in any neotropical swarm-

founding wasp. So, maybe more activity was recorded in

CDS because more water needed to be carried to the nest to

increase humidity. Hence, there is probably more to be done

to reach the same success reached in HHS for raising brood.

Thus, more studies concerning these aspects should be done

to improve our understanding in this area. However, it is

important to point out that despite ofbeing careful to choose

nests with the same size and developmental stage, our data

are temporally correlated and the results might have suffered

some kind of influence due to the nests chosen.

4.2. Environmental Factors

4.2.1. Temperature. A variety of studies has demonstrated

the influence of weather conditions on social wasp foraging

and nearly all of them point to temperature as the key factor

influencing foraging [17-33, 38]. We found a great influence

of temperature on foraging, since there was an increase in

the number of foragers simultaneously to the increase of

temperature (Figure 3). This increase in the activities can be

partially explained by the wasps’ necessity for water (it is used

for nest construction [14], metabolic processes [5], and nest

cooling
[
12, 13] ). Generally, when temperature increases also

does their water collection once the need for nest cooling is

more evident [27]. According to Jeanne [1] when the nest

overheats, workers on the envelope fan their wings steadily

to ventilate the nest. If that is inadequate, foragers begin to

bring water to the nest, where it is spread on the surface ofthe

combs and envelope, bringing about cooling by evaporation

[
8 ].

There are lower and upper thresholds of temperature

beyond which wasps do not forage. Previous studies sug-

gested a very low limit of 2°C or 5°C for vespine wasps

[47, 48]. So, flight will not occur until a certain thoracic

temperature is reached [49]. Flying insects can increase their

body temperature by producing heat with their flight muscles

[50] . Thus, they do this until they reach the ideal temperature

for the flight. Concerning higher temperatures, Kasper

et al. [28] noted in Vespula germanica that foraging activity

increased with temperature until 20°C and it was kept

practically constant between 20° C, and 35° C. Above 40° C,

the foraging activity decreased and virtually ceased, probably

because the heating caused by flight can overheat the
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wasps [28]. These extreme temperatures were not found in

this study, once the minimum was 19.5°C and the maximum
was 32° C. Differently of Kasper et al. [28], the foraging

increased along with temperature even up to 20°C (Figure 3),

probably because these species bear strong biological dif-

ferences. For example, Resende et al. [20] studying Polybia

occidentalism a closer species, noted that foraging increases

until 34° C, the maximum temperature recorded.

4.2.2. Relative Humidity. Several works on flight activity

pointed out that relative humidity can be an important

weather factor influencing foraging activity in wasps [18-

21, 23, 24, 26, 30-32]. We found no influence ofhumidity on

foraging, possibly because its influence on foraging is smaller

than temperature.

For instance, Silva and Noda [18] studying the external

activity ofMischocyttarus cerberus styx and Resende et al. [20]

studying Polybia occidentalis noted that foraging increased

with temperature and decreased when humidity increased.

They affirmed that higher humidity has a major influence

on the foraging than moderate or lower humidity, and

although humidity has certain influence, it is lower than

temperature influence. It is important to say that the most

part of such works did not analyze the relative humidity

along several months in the year, and depending on the

month that is analyzed, an overestimated or underestimated

importance of this weather factor may occur. Furthermore,

these authors point out that the humidity influence is greater

on higher values, and the place of study presents moderate

and low humidity during almost all the year. Thus, the lack

of influence of this weather factor maybe due to its low values

recorded.

In addition, other authors such as Kasper et al. [28]

did not find any correlation with humidity, and Lima and

Prezoto [22], on the other hand, found correlation between

these variables on Polybia platycephala sylvestris only in hot

and humid season. However, even with the separation of the

year into HHS and CDS, there are some climatic differences

in the localities where our study and those by Lima and

Prezoto were performed. Our locality is hotter (23.5°C versus

19.3°C for annual mean [51]) and drier (1,240mm versus

1,644mm for annual pluviosity [51]).

4.2.3. Light Intensity. The light intensity influence is prob-

ably the most controversial factor influencing foraging

activity. Some authors found a strong influence of the lumi-

nosity while others did not. For instance, Kasper et al. [28]

detected strong correlation between these variables. On the

other hand, Elisei et al. [23] did not find any correlation in

Synoeca cyanea.

Osgood [52] and Lerer [53] suggested that the foraging

activities of the stingless bee Trigona hyalinata begin in the

morning by temperature influence, and in the end of the

day, there is luminosity influence. It is important to point

out that our observations were accomplished until 4 p.m., a

period with a great luminosity in the most part of the year,

and this might have had an effect on the lack of influence of

this variable on the foraging.

As a conclusion, in climates like the one presented here,

with a strong wet-dry seasonality and low cold-hot season-

ality, the main factor influencing foraging in colonies of

Polybia paulista in both seasons is temperature. Although

there is a great variability in humidity and solar radiation

along the year and even along the day, their influence on

foraging seems to be small.
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Because the waggle dances of honeybees contain celestial components, modifications of the dances occur with changing celestial

moves relative to a honeybee nest. Since the direction of a particular resource is static, the dances must alter to compensate for the

sun’s passage. The position of the sun is seasonal between the Tropics of Cancer and Capricorn so that turns at the end of waggle

runs will vary with season and latitude. The bees are confronted with a new difficulty when the sun closely approaches its zenith

because only slight errors in the bees’ estimation of the relative positions of the sun and zenith generate very large errors. So, the

sun compass loses its usefulness when at its zenith. We review experiments and observations on both foraging and absconding in

relation to the azimuth. The honeybees’ solution for the paradox of the azimuth includes an azimuthal lull, preferences, and time

windows.

1. Foraging and the Azimuth

Navigation in honeybees is a reference system in which vector

information is derived from path integration encountered

en route to a specific goal
[ 1 ] . The cavity nesting bees and

giant honeybees perform waggle dances only in the vertical

mode so that the direction and distance of a target resource

are in relation to the position of the sun as a vector relative

to gravity. However, the dwarf honeybees, A. andreniformis

and A. florea, perform their waggle dances on a horizontal

plane at the top of their nests. They dance directly relative to

the sun [2, 3] so that less complex calculations are required.

Whatever level of behavioural sophistication the waggle

dances may represent, direct measurements now show that

the system is not without the noise of statistical scatter

and indeed is ameliorated by olfactory and visual cues [4].

The worker bees recruited only by the information from

dances are not able to find a highly localized and unscented

food sources on their own. To pinpoint those food sources,

the experienced foragers provide additional cues to new

recruits by circling the food source and scenting it. Similarly,

the new recruits which are exposed to dances without a

precise indication of the position of the sun can overcome

a navigation gap by following the buzzing flight or marked

scent of experienced foragers around food source [5].

In any event, because the intricate displays of the waggle

dances contain celestial components, it can be expected

that modifications of the dances will occur with changing

celestial moves relative to a honeybee nest somewhere on

earth. Indeed, long ago von Frisch [6, 7] demonstrated that

a forager which has located a desirable resource returns

to its nest and communicates its distance and direction

in the waggle dance. The angle between the direction of

the dance and the vertical is equal to the angle between

the azimuth (compass direction) of the resource and the

azimuth of the sun [6, 7]. Since the direction of a particular

resource remains the same, the dances must gradually alter

to compensate for the sun’s passage if the dances are to work

at all.

Ifthe path ofthe sun lies to the south, the alteration ofthe

direction component of the dance should be anticlockwise,

but clockwise to the north. The position of the sun is

seasonal, north alternating with south within the Tropics of

Cancer so that the axis of the waggle phase will vary with
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Figure 1: Plot of azimuth and percentage change against days of

the year for Chom Bueng, Thailand (13.37N, 99.35E, altitude 86 m).

Sharp peaks in the percentage change represent winter and summer
solstice. The percentage change is simply the rate of increase or

decrease of the azimuth from one day to the next, then multiplied

by 100.

both season and latitude [2] . Anticlockwise turns switch over

to clockwise as the daily path of the sun moves from south to

north ofthe observer [8, 9] . When the sun closely approaches

its zenith at noon the bees are confronted with a new dif-

ficulty because only slight errors in the bee’s estimation of

the relative positions of the sun and zenith generate a very

large error estimation of the sun’s azimuth.

2. The Azimuth Paradox

The azimuthal position of the sun provides navigation gui-

dance to the honeybees. The particularly precise compass cue

is provided by the pattern of polarized light, that is, the pat-

tern of the electric (E-) vectors of light in the sky [10].

In the waggle dance of honeybees, the direction of the

target source is indicated by performing a dance on the

vertical and so is equal to the angle between the azimuth

of a food source and the azimuth of the sun [9]. The dance

for the same food source will alter progressively during the

day to compensate for the movement of the sun across the

sky. As the sun approaches near to the zenith at noonday,

the bees would encounter problems in accurately reading its

azimuth. In the first ofsuch studies, Lindauer [2] observed in

very nearly equatorial Ceylon (= Sri Lanka), that honeybees

exhibited disoriented waggle dances when the sun was

within ±3° of its zenith and that this was associated with

a decline in foraging numbers. Further, von Frisch [11]

confirmed that the sun compass loses its usefulness to bees

at the zenith of the sun. Lindauer [12] noted that honeybees

between the tropics of Cancer and Capricorn experience

sun compass failures twice a year at the solstices. This is

because when the sun moves through its zenith twice a

year, it is impossible to deduce any direction based on the

sun’s position. Although outgoing bees might memorize

landmarks, how could successful foragers communicate the

direction during their waggle dances if they fail to integrate

precisely the azimuthal position of the sun?

Indeed, Lindauer [12] concluded from his observations

that when the sun passes within 2.5° of the zenith in Sri

Lanka that the dances are in fact disorientated. Moreover,

the sun’s azimuth at these times is altering rapidly and

at a varying rate [8, 9]. This suggested to D. A. T. New
and J. K. New [9] “that bees might solve the problem

of communication at small zenith distances of the sun

by dancing to sun positions memorized from a few days

previously.” They tested this idea when the sun was close to

the zenith, at three different islands in the Caribbean within

the tropics, respectively, at 5°N, 10°N, and 18°N, by further

observations of the dances. What they observed was that

when the dance angles were plotted against time, there were

smooth and symmetrical curves around noon, but of smaller

maximum slope than for the changing azimuth. Turns at

the end of the waggle phase were often the obverse of the

expected. Their final interpretation was the proposal of two

possible mechanisms of control: (1) a mechanism using all

information about the real azimuth limiting the possible

dance angles which become increasingly wide the nearer the

sun is to the zenith; (2) an ancillary mechanism based on

memory such that angles are proportional to time [9].

This ancillary mechanism arises from Lindauer’s obser-

vations [12] that dances performed at any time during

night indicated approximately the angle between the daytime

resource and the azimuth of the sun at the particular time of

night. This led to the hypothesis that the bees extrapolate the

complete 24 h circle of azimuth change from the part that

they are able to see. The problem here is that Lindauer [12]

and D. A. T. New and J. K. New [9] invoked Zeitgedachtnis

(= finely tuned internal clocks of honeybees [13-15]) to

compensate for azimuth change. Zeitgedachtnis enables bees

to continuously modify and adjust their behaviour with

respect to memory and time [2, 16, 17]; but these clocks can

be modulated by external factors [1, 15] of which the sun

is particularly important [11]. In reality, time and memory
would be extremely hard put to calculate the actual changes

in the azimuth on sequential days throughout the year

(Figure 1) so that it is inescapable that honeybees require

clear readings of the sun for successful communication.

3. Resolving the Paradox

Avoiding times when there would be confusion in taking the

sun’s angle from the zenith is probably the common cause of

noonday lulls in honeybee foraging
[ 18, 19] and is even more

acute in cases ofswarming or absconding. Koeniger et al. [20]

demonstrated that the sun is important in the orientation

of dances in A. florea because if a “surrogate” sun (a hand-

held mirror) is reflected on the bees as a reference point for

dancing, changing the angle of the mirror affects the angle

at which the bees dance. This shows that the bees can use

the surrogate sun in their orientation dances; therefore, if the

sun is placed by a mirror at the zenith, it might be possible to

increase the bees dancing at noontime. The experiment with

the mirror showed that even though changes in solar attitude

does not influence the orientation, nonetheless, the accuracy



Psyche 3

Table 1: Numbers of directional and nondirectional components

in the waggle dances observed over three time periods— 10:00 to

1 1:00 h, 12:00 to 13:00 h, and 13:00 to 14:00 h (n = 5 colonies).

Waggle dances

Time Directional Nondirectional
re-

value
df P-value

10:00-11:00 87 13 54.8 1 <0.0001

12:00-13:00 51 49 0.04 1 0.8415

13:00-14:00 89 11 60.8 1 <0.0001

Heterogeneity G 49.7 2 <0.0001

of the compass reading decreases with the increasing solar

elevation [21]. This might effect in the noonday lull of

dancers because of errors in compass reading. Interestingly,

in comparisons of the precision of dances by A. florea for

food sources and nest sites, Beekman et al. [22] showed

that workers of A. florea dance with the same imprecision

irrespective of context. Combining the above observations of

Koeniger et al. [20], Beekman et al. [22], and Duangphakdee

et al. [23], Duangphakdee et al. [24] performed experiments

that demonstrate the importance of the position of the sun

for individual waggle dancers ofA. florea foragers at different

times of day.

Gardner [25] found changes in accuracy in the dances

of honeybees over the course of a day, particularly at

noon (Figure 2), and subsequent studies have confirmed

this finding. Foragers of five colonies of A. florea were

observed between July 2009 and March 2010 at Chom
Bueng, Thailand (13.37N, 99.35E, altitude 86 m). Waggle

dancing was bimodally distributed with a pronounced lull at

noontime, 12:00-13:00 h (Figure 3(a)). The angular accuracy

of the deviation of all waggle phases from the mean vector

(expected waggle phase) of the waggle dances over time was

significantly reduced during the noon hour compared with

other times (Heterogeneity G-test: Xi = 49.7, P < 0.0001;

Table 1). Typically in a waggle dance, the dancer runs straight

ahead and returns in a semicircle to the starting point then

runs again through the previous straight line direction and

returns in a semicircle in the opposite direction [26]. The

straight part ofthe run represents the “direction component”

ofthe target, and the axis angle of this waggle phase relative to

the vertical represents the angle of the goal in relation to the

sun’s azimuth. Most of the dances observed between 10:00-

ll:00h and between 13:00-14:00 h clearly had a direction

component in the waggle phase, while between 12:00 h and

13:00 h about half of the dances had no direction component

(Table 1). Moreover, angular accuracy between 10:00-11:00 h

and between 13:00-14:00 h was significantly lower than that

between 12:00-13:00 h.

The number of foragers dancing significantly declined at

noontime compared to the morning or afternoon. Most of

the waggle dances performed at noontime consisted of great

errors in the accuracy of angle measurement, or a direction

component was absent from the waggle dance. Similarly,

in A. mellifera, waggle dances became disoriented when the

sun was within ±3° of the zenith [2, 8, 9]. There are several

Time of day (EST)

Figure 2: Inaccuracy in the dances ofhoney bees over the course of

a day. The shaded area indicates the time during which the sun is at

its highest altitude for the dates that dances were recorded [25]

.

possibilities as to why the red dwarf honeybees may have

difficulty in dancing accurately and so avoid noontime.

The changing azimuth is a major factor in this case. The

closer the sun approaches the zenith, the more rapidly the

azimuth changes at noon, particularly in the tropics. This

makes it very difficult for the bees to accurately determine

the azimuth because very slight errors in perception of the

relative positions of the sun and zenith will lead to a very

large error in estimating the azimuth of the sun.

The error of reading the sun’s azimuth also affects

other activities of honeybee colonies. Consequently, between

12:00-13:00 h, the waggle dances become disoriented and

less accurate and the bees take off for new nesting sites

significantly less frequently at noontime [23]. This is also

associated with the fact that the bees largely avoid dancing

at noontime both for foraging (Figure 3(a)) and finding new
nest sites (Figure 3(b)). Beekman et al. [22] showed that A.

florea workers dance with the same imprecision irrespective

of whether at a colony level seeking new nest sites or at an

individual level as in foraging. To this we add that the level

of imprecision in the dance language is exacerbated by the

movement of the sun about high noon.

4. Absconding and the Azimuth

The movements of honeybee colonies away from the mater-

nal nest come about in two ways: reproductive swarming and

absconding/migration. Reproductive swarming is defined as

the movement of at least one queen and part of a honeybee

colony from the maternal nest to an entirely new site for

colony reproduction. On the other hand, migration in its

broadest sense is the seasonally predictable movement of

many whole colonies ofthe same population from one region

to another while absconding usually refers to abandonment

of one or a few colonies away from the maternal nest site

to another place, usually caused by local environmental

perturbations [19, 27]. Indeed, seasonal migration and

absconding are characteristic ofApis florea, throughout Asia,

and these traits are linked to a combination of resource

depletion and adverse microclimatic conditions [28-32].
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(a)

(b)

Figure 3: (a) The mean frequency distributions of the numbers

of dancing bees for (a) food sources at Chom Bueng, Thailand

(13.37N, 99.35E, altitude 86 m). (b) The mean frequency distribu-

tions of the numbers of dancing bees for new nest sites [23]

.

For a honeybee colony to successfully swarm or abscond

requires, as in foraging, navigational skills. However in

this section we are discussing the integrated behaviour of

whole colonies and not just individual foragers. Given the

daily rotation of the earth, honeybees have quite a range

of solar angles available on each day that they choose to

abscond. However, as seen with foraging, the noon hour

in the tropics presents honeybee colonies with difficulties

leading to a reduction in effective dances which results

from inaccurately determining the sun’s position, and, as

for foraging, slight errors in the perception of the relative

position of the sun result in very large orientation errors

[8, 9]. Similarly, Gardner [25] reported that the angular

accuracy of waggle dances was correlated with the altitude of

the sun even at 42°N. Because this becomes especially crucial

when a colony decides to find a new nest site, Duangphakdee

et al. [24] hypothesized that colonies of A. florea defer from

absconding during that time of the day when perception

errors might result in large orientation errors. Oldroyd et al.

[33] suggested that dances of Apis florea for nest sites may
only indicate a general direction, so that precise information

in dances may be unnecessary because scout bees may release

Nasonov pheromones to attract flying nestmates to join

the cluster. However, accurate information communicated

by the dances plays a role in the swarm movement by

firstly advertising the target nesting site to the scout recruits,

and the accuracy of dancing becomes important because

imprecise information will not lead bees to check the right

site and will later influence the “voting mechanism” of the

whole colony. Secondly, during swarm movements, scout

bees release Nasanov pheromone for the guidance for other

bees to move to a specified nesting site.

5. Azimuthal Lull

The observations of Duangphakdee et al. [23] were made
on 37 separate absconding events by colonies of A. flo-

rea, between 2007/05/22 and 2009/02/18 at Chom Bueng,

Thailand (13.37N, 99.35E, altitude 86 m). The brood comb
extending below the crown was cut away and removed to

induce absconding. Time was local clock time, not solar

time. Once the absconding time data was entered into a

spreadsheet, the altitude angles at which the bees absconded

were calculated as was the sun’s zenith [34] for that particular

day. Video recordings of each colony were made on the day

of absconding from morning until the colony absconded. To

assess any possible effects of daily temperature fluctuations

on the temporal frequency of dancing, they also obtained

hourly ambient temperature values for those days on which

the colonies actually absconded.

Duangphakdee et al. [23] found that the frequency dis-

tribution of absconding with respect to local clock time was

bimodal with a pronounced lull between 12:00 h and 13:00 h.

Nearly 90% of absconding occurred between 09:00 h and

12:00 h (32.3%) and between 13:00 h and 16:00 h (57.1%)

(Figure 4(a)). The altitude angle (sometimes referred to as

the “solar elevation angle”) describes how high the sun

appears in the sky. The altitude angle is measured between

an imaginary line between the observer and the sun and the

horizontal plane the observer is standing on, in this case, the

apiary colonies at Chom Bueng. The mean (±SD) altitude

angle corresponding to the times of absconding between

ll:50h was 56.2 ± 6.3° and between the absconding times

between 13:05 h and 14:45 h was 66.1 ± 9.7°. No absconding

took place below an altitude angle of 38.7°, nor above an

altitude angle of 81.4°. The distribution of the altitude angles

averaged 60.0 ± 10.3°. The altitude angles when the sun was

at its zenith were determined for each day (Figure 4(b)). The

mean angle was 71.7 ± 11.4°, with a range from 55.0° (in

November) to 88.3° (in May). The records of absconding

time in 35 cases taken from other species (A. dorsata, A.

cerana, A. Mellifera, and A. andreniformis) also show that

only 8.5% absconded at noon (Figure 4(c)).

From Figures 4(a) and 4(c), it can be seen that the bees

merely abscond in the early morning and late afternoon, and

this can be explained by the bees needing time for navigation

to a food source/nest site and it requires about two hours

to reach a quorum. For example, if the bees had started

dancing between 18:00 and 19:00 h the bees would only have

an available time window for absconding from about 21:00 h

by which time darkness has fallen.

The mean frequency distribution of the numbers of

foragers dancing in three colonies is shown in Figure 3(a)

from which it is clear that dancing was bimodally distributed

with a pronounced trough between 12:00 h and 13:00 h.

Until the time ofactual absconding, foragers were advertising
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Figure 4: (a) Frequency distribution for local clock time of absconding by the red dwarf honeybee at Chom Bueng, Thailand (13.37N,

99.35E) during 2007-2009 (

n

= 37) [23]. (b) Frequency distribution for absconding by the red dwarf honeybee at Chom Bueng, Thailand

(13.37N, 99.35E) with respect to altitude angle of the sun (in degrees) during 2007-2009 (n = 37) [23]. (c) Frequency distribution for local

clock time of absconding by A. dorsata (n = 3 [35], n = 14 [36]), A. cerana (n = 1 [37], n = 4 Duangphakdee, O. personal observation,

n = 2 Wongvilas, S. pers. comm.), A. mellifera (n = 6 [38], n = 2 [39]), and A. andreniformis (n = 3 Wongvilas, S. pers. comm.).

different directions for a new nest site. Turning to angular

accuracy of the waggle dance over time, during the morning

period 10:00-1 1:00 h, of 60 observed dances, 51 clearly had

a direction component in the waggle dance and 9 did not.

Between 12:00 h and 13:00 h, only 17 of 60 dances had

a direction component while 43 were nondirectional. Of
those dances with a direction component performed between

10:00 h and ll:00h, the deviation in angle accuracy was

0.24°; however between 12:00 h and 13:00 h, the deviation in

angle accuracy was 10.11° [23].

The possibility that both the noonday lull and actual

absconding time might be related to particular temperature

profiles was considered. However, the temperature data from

07:00 h to 17:00 h during February 2009 at Chom Bueng,

Thailand, which is shown in Table 2, indicates that the

noonday lull is not associated with the highest temperatures

of the day for any of the 7 days shown. Moreover, another

indication that the noonday lull is not related to the

temperature is given by the fact that absconding was clearly

not inhibited by high temperatures because in 7 out of 8

absconding events occurred at temperatures greater than the

corresponding noonday lull [23]

.

6. Azimuthal Preferences

The results on the frequency distributions of absconding

by the red dwarf honeybee with respect to both time

(Figure 4(a)) and altitude angle of the sun (Figure 4(b))

make it evident that these bees largely avoid flying off

between 12:00 h and 13:00 h on the one hand and that their

preferred departure angle of the sun is between 55° and 65°,

on the other. However, there is no linear correspondence

or relationship between time and sun angle (Figure 1). The

preferred altitude angles at which the bees absconded were
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Table 2: Hourly temperatures at Chom Bueng, Thailand on absconding days for 8 colonies ofApisflorea and absconding times and ambient

temperatures (T) at absconding events.

Date Colonies Absconding Time of day

Time T(°C) 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00

2/8/2009 1 11:00 33.45 25.79 30.64 32.51 34.69 36.97 38.82 40.07 38.99 36.6

2/9/2009 2 13:40 37.20 26.01 31.41 33.13 35.32 37.6 39.09 40.19 40.16 37.27

2/12/2009 3 14:36 43.14 21.79 33.32 35.4 37.75 39.9 41.93 43.22 41.39 38.49

2/13/2009 4 13:52 41.26 24.25 32.42 34.86 37.29 39.39 40.85 41.47 42.64 39.26

2/16/2009
5 13:22 42.80

29.4 33.27 34.77 37.63 40.05 42.06 43.64 43.16 39.08
6 13:46 42.25

2/17/2009 7 12:25 43.24 27.33 34.06 35.9 38.37 40.91 43.34 44.53 44.59 40.91

2/18/2009 8 12:45 39.14 25.43 33.63 34.82 36.39 38.74 41.07 42.73 43.59 38.7

Average (°C) 25.71 32.68 34.48 36.78 39.08 41.02 42.26 42.07 38.66

SD 2.38 1.25 1.22 1.36 1.40 1.63 1.73 1.99 1.40

on average about ±6° on either side of the sun’s zenith for

that particular day, despite the fact that the visual acuity of

honeybees is about 1° [40]. The mean frequency distribution

of the numbers of foragers dancing in three colonies declined

in the noontime lull, and likewise, the angular accuracy of the

direction component declined precipitously. To understand

the rationale of the nest site selection process of honeybees,

it extends through group decision making processes at the

end of which only one site becomes dominant in further

scouting and dancing [38, 39]. A reduction of dancing and

the presentation of nonconstructive dances (or disoriented

dances) would have greatly disturbed the decision making

process.

There are no other similar datasets for swarming, migrat-

ing, or absconding in honeybees, but there are three relevant

reports with respect to foraging. First there is the report of

Lindauer [2] that waggle dances became disoriented when
the sun was within ±3° of the zenith. There are other reports

by New et al. [8] and D. A. T. New and J. K. New [9] which

noted similar difficulties for waggle dancers between ±3° and
4° at tropical latitudes similar to those of Chom Bueng. New
et al. [8] and D. A. T. New and J. K. New [9] also observed

that when over a few days the sun’s position switched from

north to south, the bees began to confuse observed sun angle

with both clockwise and anticlockwise dances.

There are several possibilities to consider as to why
the red dwarf honeybee may avoid the noonday period.

Temperature can be excluded because the noonday lull was

not associated with the highest daily temperatures (Table 2)

and the bees were absconding at higher temperatures than

those of the noonday lull. Alternatively, Dyer and Dickinson

[41] suggested that celestial compass orientation requires the

use of a time-compensated measure of the sun’s azimuth,

based on an innate template that can be adjusted by learning.

Be that as it may, learning takes time that absconding bees

lack. The time element becomes critical because the closer

the sun passes to the zenith, the more rapidly the azimuth

changes at noon particularly in the tropics. Before a colony

will swarm or abscond, it goes through a process of reaching

a consensus on where to ultimately go [38].

7. Azimuthal Windows

In Apis mellifera, a new nest site will be selected through

the bee’s decision making process. A priori, scouts will go

out and find a prospective home site. Different scouts will

return to the nest/swarm and communicate the location of

her finding by means of waggle dances. Initially, the scouts

perform dances for a number of different sites, but eventually

they all dance for just one site by “reaching consensus,”

shortly before whole colony takes off [38, 39]. It is generally

assumed that the chosen site is the best of the sites that

they have discovered. The nest site selection process of Apis

florea has been reported to be quite similar to that of Apis

mellifera [3, 33]. One difference is that nondirectional dances

occur significantly more in Apisflorea. Nevertheless, like Apis

mellifera, all waggle dances also eventually converge on one

site shortly before becoming airborne.

In the case of the red dwarf honeybee, video recordings

of absconding dances indicate that consensus takes about

2h to achieve (Duangphakdee, unpublished observations).

No days at Chom Bueng have less than 12 h sunlight, and

no days have ambient temperature too low for honeybee

flight, yet the red dwarf honeybees only use a time window
almost exactly one halfof that available to abscond. The hour

from 12:00 h to 13:00 h is a definite lull period for A. florea

(noontime laziness ofvon Frisch [11]). Given the difficulties

of taking an accurate reading of the sun at angles ±6° of the

sun’s zenith (resulting in a 1 h loss around noon) and the 2 h

required to reach consensus, the bees are simply left with two

time windows, morning and afternoon, in which to abscond

and, indeed some 90% ofthe red dwarfhoneybee colonies do

so.
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Host stage preference, functional response and, mutual interference ofPraon volucre (Haliday) (Hym.: Braconidae) parasitizing the

grain aphid, Sitobion avenae (Fabricius) (Hem.: Aphididae), were investigated under laboratory conditions. Host stage preference

was evaluated at 25 ± 1°C, 60 ± 5% relative humidity and a photoperiod of 16:8 h (L:D), under choice and no-choice tests.

Functional response was done under five constant temperatures (10, 15, 20, 25, and 30° C), 60 ± 5% relative humidity and a

photoperiod of 16:8 h. (L : D). Praon volucre parasitized all nymphal instars and adults of the grain aphid but strongly preferred

to oviposit into second-instar nymphs in both choice and no-choice conditions. Results of logistic regression revealed a type II

functional response for all temperatures tested. The handling time (T/J and searching efficiency (a) were estimated using the

Rogers equation. The maximum estimate of searching efficiency occurred at 15°C and 20° C (both 0.05 ± 0.01 hr 1

) and decreased

to 0.01 ± 0.01 fr 1
at 30 ± 1°C. The minimum estimate of handling time was 1.02 ± 0.11 h at 25°C and increased to 5.31 ± 0.82 h

at 30 ± 1°C. The maximum rate of parasitism was 23.52 aphids/female/day at 25°C. With parasitoid density increasing from 1 to

8, the per capita searching efficiency decreased from 0.12 fr 1
to 0.06 h-1

. The results suggested that P. voluvre has the potential to

be a biocontrol agent of S. avenae. However, evaluation of foraging behavior warrants further investigation under field conditions.

1. Introduction

The grain aphid, Sitobion avenae (Fabricius), is a cosmopoli-

tan species [1]. This aphid causes direct damage by sucking

plant sap and indirect damage by either excretion of

honeydew or the transmission ofviruses. It is found on many
different species of Poaceae [2]. Chemical control has been

the major tool for the control of aphids. However, biological

control strategies are being increasingly applied because of

rapid development of insecticides resistance in aphids and

because of the effects of pesticides on natural enemies [3].

Parasitoids are important in biological control of cereal

aphids [4] , and several attempts have been made in introduc-

tion [5] and augmentative release of cereal aphid parasitoids

[6]. Parasitoids are considered to be especially important

in suppressing aphid populations earlier in the season

because their appearances precede those of predators [7].

All members of the subfamily Aphidiinae (Hymenoptera:

Braconidae) are important parasitoids of aphid species [8].

The genus Praon Haliday is one of the largest Aphidiinae

genera with more than 50 described species worldwide [9].

Praon volucre (Haliday) is a parasitoid of 5. avenae in Iran

[10] Chile [11], Brazil [12], and Sebria [13],

Behavioral responses are one of the most important

factors in selecting natural enemies in biological control

programs [14]. Host-stage preference affects host-parasitoid

population dynamics as the host’s development status influ-

ences the development and reproduction of the parasitoid

[15]. Functional response is the number of successfully

attacked hosts as a function of host density [16]. It describes

how a predator or parasitoid responds to the changing

density of its host, and measuring it helps determine the

expected effectiveness of natural enemies [17]. Functional

response depends on handling time (TV the time that

a natural enemy needs to parasitize a single host) and

searching efficiency (a: the rate at which a parasitoid

searches). Functional response is affected by different factors

including temperature [18-20]. Mutual interference was
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initially shown by Hassell and Varley [21]. Inverse density

dependence between searching efficiency and parasitoid

density is known as mutual interference [22] . The purpose of

this research was to further investigate host stage preference,

mutual interference among adult parasitoids, and the effect

of temperature on functional response of P. volucre.

2. Materials and Methods

2. 1

.

Plant and Insect Culture. Seeds of wheat (“Pishtaz” vari-

ety) were obtained from the Karaj Cereal Research Depart-

ment of the Iranian Research Institute of Plant Breeding.

The grain aphid and P. volucre were originally collected from

the wheat fields in the campus of the Faculty of Agriculture,

Tarbiat Modares University in Tehran, Iran, in October 2009.

The aphids were reared on wheat seedlings grown in plastic

pots (10.5 cm diameter and 9.5 cm height) and covered

with transparent cylindrical plastic containers. The colony of

aphid parasitoid was reared on S. avenae colonies for 3-4 gen-

erations before the parasitoids were used in the experiments.

The aphid and its parasitoid colonies were maintained in a

growth chamber at 25 ± 1°C, 60 ± 5% relative humidity and

a photoperiod of 16 : 8 h (Light : Dark). All experiments were

carried out using seedlings of wheat about 15 cm in height.

the container was covered with fine nylon mesh, and the ap-

hids were exposed to a pair of 1 -day-old male and female

parasitoids for 24 h. Honey-water solution (20%) was pro-

vided for adult parasitoids. Host feeding was not determined

in this research. The aphids were reared on the plants

until mummies were formed. Each aphid density at each

temperature was replicated 10 times. To determine the type

of functional response, the data were fitted to the logistic

regression [19, 24, 25]

Na
exP (Po + PiNo + ^2%) + P3NQ )— = 2. L—

( 1 )

No 1 + exp (p0 + PiN.0 + P2Nl + P3N0
3

)

’

Pq
, Pi, P2, and P3 are the intercept, linear, quadratic and

cubic coefficients, respectively. Na is the number of hosts

parasitized, N0 is the initial host density, and Na/N0 is

the proportion of total aphids parasitized. A significant

negative or positive linear coefficient (Pi) of the logistic

regression model indicates type II or III, respectively [24].

After defining the type of functional response, the handling

time (T/i) and searching efficiency (a) of a type II response

were estimated using Rogers equation [26] as follows:

Na No exp
aTPt U

1 + aiyVo / _

(2)

2.2. Host Stage Preference. Host-stage preference was deter-

mined by both choice and no-choice experiments. In the

no-choice tests, 50 individual aphids of a single stage (first,

second, third, and fourth instar or adult) were released on

a wheat seedling and were exposed to a pair of 1 -day-old

male and female parasitoids. Our preliminary study showed

that the maximum parasitism rate was 15 aphids per female

parasitoid per day (unpublished data). To avoid superpara-

sitism, we used 50 aphids per female parasitoid (e.g., more

than three times maximum parasitism rate). After 24 h, the

parasitoids were removed. The aphids were reared on wheat

seedlings until mummies appeared. In the choice tests, all

instars were established on a wheat seedling (10 aphids from

each instar on each seedling) and were then exposed to a pair

of 1 -day-old male and female parasitoids for 24 h. Then each

instar was held separately until the aphids mummified. Both

the choice and the no-choice preference tests were replicated

10 times in cylindrical plastic containers (5 cm diameter and

15 cm height) in the same conditions as above. A streak of

honey-water solution (20%) was placed on wheat leaves as a

source of carbohydrates and water for the adult parasitoids.

Data were checked for normality prior to analysis. The data

were analyzed using one-way ANOVA [23]. If significant

differences were detected at P < 0.05, means were compared

using the Student-Newman-Keuls (SNK) post hoc test.

2.3. Functional Response. The effect of host density on

parasitism was investigated at temperatures of 10, 15, 20, 25,

and 30 ± 1°C, 60 ± 5% relative humidity and a photoperiod

of 16:8h (Light : Dark). Second-instar nymphs, either 2,

4, 8, 16, 32, or 64 of them, were placed on a wheat seed-

ling (15 cm in height) and placed into a cylindrical plastic

container (5 cm diameter and 15 cm height). The top of

Na is the number of host parasitized, N0 is the initial host

density, T is the duration of the experiment (= 24 h), a

is searching efficiency, is handling time and Pt is the

number of parasitoids. Handling time (Th) and searching

efficiency (a) were estimated using non-linear regression

and SAS software [23].

2.4.

Mutual Interference. In this experiment, 120 second-

instar nymphs of S. avenae were placed on wheat seedlings

and exposed to groups of 2, 4, 6, and 8 one-day-old

mated females. After 24 h, the parasitoids were removed

from the cages (5 cm diameter and 15 cm height), and the

aphids were held at 20 ± 1°C, 60 ± 5% relative humidity

and 16 : 8 h (Light : Dark) photoperiod until mummies were

produced. Each parasitoid density was replicated 10 times.

The per capita searching efficiency (a) of the parasitoids at

different parasitoid densities was calculated according to the

Nicholson equation:

a =
Nt \

(Nt
- Na )

)

(3)

Nt is the total number of hosts available (= 120), Na is

the total number of hosts attacked, Pt is the number of

parasitoids, and T is the duration of the experiment (= 24 h).

Searching efficiency was fitted to a linear regression by the

least square method, using the inductive model of Hassell

and Varley [21]:

a = QP m
,

or loga = logQ - mlogP (4)

a is the searching efficiency of the parasitoid, Q is the quest

constant (intercept of the regression line), and m is the

mutual interference constant (slope ofthe regression line). In
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Table 1: Maximum likelihood estimates from logistic regressions of proportion of different densities of Sitobion avenae by Praon volucre at

various constant temperatures.

Temperatures

(°C) Intercept (F0 ) Linear (Pi )

Parameters

Quadratic (P2 ) Cubic (P3 )

10 0.650 ± 0.38 -0.217 ± 0.061 0.007 ± 0.002 -0.00008 ± 0.0001

15 0.48 ± 0.37 -0.016 ± 0.057 -0.001 ± 0.002 0.000018 ± 0.0001

20 2.58 ± 0.496 -0.253 ± 0.069 0.006 ± 0.002 -0.00006 ± 0.0001

25 1.809 ± 0.426 -0.207 ± 0.062 0.005 ± 0.002 0.00005 ± 0.0001

30 -1.167 ± 0.448 -0.0004 ± 0.07 -0.001 ± 0.001 0.000019 ± 0.0001

this model, m includes only the component of interference

due to behavioral interactions between parasitoids [27].

Excel software was used to draw figures.

3. Result and Discussion

3.1. Host Stage Preference. Praon volucre parasitized all

nymphal instars and adults of the grain aphid but strongly

preferred to oviposit into second instar nymphs in both

choice preference test (F = 3.38, d.f. = 4,49, P < 0.05) and

no-choice preference test (F = 7.87, d.f. = 4,49, P < 0.01)

(Figure 1). Aphidius rhopalosiphi De Stefani-Perez preferred

second-and third-instar nymphs of cereal aphids for oviposi-

tion [28]. Our finding was consistent with Diaeretiella rapae

(MTntosh) preferring second-instar nymphs of Brevicoryne

brassicae (L.) for oviposition [29]. By contrast, Aphidius

matricariae (Haliday) preferred to oviposit into third-instar

nymphs ofAphis fabae (Scopoli) [30]. Hagvar and Hofsvang

[31] demonstrated the parasitism ofan aphid nymphal instar

influenced the development and fecundity of the aphids as

well as their parasitoids. The parasitoids that parasitized first-

instar nymphs of aphids did not mature. Aphidius colemani

Viereck females, for example, prefer second instar nymphs
ofM persicae , which may maximize fitness gain [32]. It is

generally assumed that second- and third-instars nymphs of

aphids are preferred by parasitoids because of physiological

characteristics. Young host stages provide inadequate food

for the successful development of offspring, whereas mortal-

ity risk of parasitoid progeny from encapsulation in young

host stages is less than in late stages [33]. However, the host

stage preference is flexible, and it is influenced by several

factors, such as experimental conditions [34], host behavior

(particularly aphid defense), and availability of each instar

in the field [35]. Host-stage preference is also affected by

test duration and host densities [36]. It is well known that

host stage selection can affect considerably the population

growth ofboth host and parasitoid and, therefore, can have a

definite effect on whether a pest population can be controlled

successfully by the parasitoids [31].

3.2. Functional Response. Significant negative linear coef-

ficients of the logistic regression model indicated a type

II functional response at all temperatures tested (Table 1,

Figure 2). The type of functional response was not affected

by temperature, indicating that F. volucre is well adapted to

16 n

"d
<u

Instar 1 Instar 2 Instar 3 Instar 4 Adult

Host stage

Choice

No choice

Figure 1: Host-stage preference of Sitobion avenae parasitized by

Praon volucre in choice () and no-choice () tests.

temperature changes. The ability of P. volucre to parasitize

grain aphid over a broad range of temperatures makes it

as a good candidate for biological control of grain aphid.

The proportion of hosts parasitized by P. volucre decreased

with increasing host density (Figure 2). Searching efficiency

was the highest at 15°C (0.05 ± 0.01 h-1 ), and 20°C (0.05 ±
0.01 tr 1

) and was the lowest at 30°C (0.01 ± 0.01 h 1

)

(Table 2). Handling time decreased with an increase in

temperature up to 25° C, then increased at 30° C. Results

from this study suggest that this parasitoid could be more

effective in reducing populations of F. volucre at 20-25°C

than at higher and lower temperatures. The lowest handling

time was observed at 25°C (1.02 ± 0.11 h). The maximum
estimate of parasitism ( T/Th ) was at 25°C (23.52 nymphs
parasitized/female/day) (Table 2).

Handling time is defined as the time spent handling

the host, parasitizing the host, and also the time spent

cleaning and resting. The effect of handling time is to

reduce the time available for search for other hosts [37].

The type II functional response is the most frequent in

insects [33]. Aphidius uzbekistanicus (Fuzhetzki) showed a

type II functional response to Metopolophium dirhodum

(Walker) [38]. Also type II functional response has been

reported by Zamani et al. [39] for A. matricariae and A.
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Figure 2: Type II-functional response of Praon volucre on different densities of second-instar nymphs of Sitobion avenae at various constant

temperatures.
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Table 2: Mean ± SE (minimum-maximum) estimates of handling time (T),), searching efficiency (a), and maximum rate of parasitism

( T/Th ) of Praon volucre on Sitobion avenae.

Parameters
10 15

Temperatures (°C)

20 25 30

Handling time (T;,)
1.95 ± 0.34 1.78 ± 0.21 1.06 ± 0.09 1.02 ± 0.11 5.31 ± 0.82

(1.25-2.65) (1.34-2.22) (0.86-1.25) (0.79-1.26) (3.65-6.96)

Searching efficiency 0.02 ± 0.001 0.05 ± 0.001 0.05 ± 0.001 0.03 ± 0.001 0.01 ± 0.001

(a) (0.01-0.04) (0.02-0.08) (0.03-0.06) (0.02-0.05) (0.00-0.02)

Maximum rate of
12.30 13.48 22.64 23.52 4.51

parasitism (T/T;,)

Coefficient of

determination (r
2

)

0.79 0.84 0.94 0.93 0.75

colemani on Aphis gossypii Glover, for A. matricariae on A.

fabae [30], and for D. rapae on B. brassicae [29]. Praon

near occidentale showed a type II functional response on

Macrosiphum euphorbiae (Thomas) at 18, 20 and 25°C [40].

Searching efficiency was the highest at 18°C (0.1081 fr 1

) and

handling time was shortest at 25°C (4.89 h). The maximum
number of parasitized aphids was 4.9 at 25 °C, which was

much lower than that of obtained in the present study

(23.52 at 25° C). By contrast, Stilmant [41] showed a type

III functional response for P. volucre, A. rhopalosiphi, and A.

ervi on S. avenae. The handling time, instantaneous attack

rate, and maximum number of hosts parasitized by P. volucre

were estimated as 0.004 day, 0.493 day
-1 and 42.3 nymphs

parasitized/parasitoid/day, respectively [41]. The difference

between these values may be related to the origin of the

populations and different experimental conditions. Type III

functional response has been reported for Trioxys pallidus

(Haliday) on Chromaphis juglandicola (Kaltenbach) [42],

and also for A. colemani and Lysiphlebus testaceipes (Cresson)

on Schizaphis graminum (Rondani) [43].

The functional response is affected by the experi-

mental conditions, age of parasitoids, time of exposure,

and temperatures [44]. Aphidius uzbekistanicus showed a

type III response when parasitizing third-instar nymphs of

Hyalopteroides humulis Walker but a type II response when
parasitizing M. dirhodum [38]. According to Hofsvang and

Hagvar [45], Ephedrus cerasicola Stary exposed to hosts for

1, 6 and 24 h showed type II, type I, and type II functional

responses, respectively. Lysiphlebus testaceipes showed type

II and type III functional responses at 20°C and 28° C,

respectively [17]. In natural field conditions natural enemies

can move freely to patches with high densities of hosts,

but, in laboratory conditions, natural enemies are forced to

remain in a patch for a fixed length of time; therefore, under

laboratory conditions the type III functional response is less

common than the type II [46]. The reason why type III

response is rare in invertebrate predators and parasitoids may
be caused by experimental procedures in which the numbers

of prey or hosts at low densities is higher than what can be

expected in fields [47].

3.3. Mutual Interference. With increasing parasitoid densities

from 1 to 8, the per capita parasitism decreased significantly

Table 3: Mean ± SE per capita parasitism and searching efficiency

of Praon volucre on Sitobion avenae.

Parasitoid

densities

Per capita

parasitism

Per capita

searching efficiency

(a)

1 13.6 ± 0.93
a

0.1206 ±0.008a

2 9.80 ± 0.38
b

0.0893 ± 0.003
b

4 8.65 ± 0.08
b

0.0850 ± 0.001
b

6 6.51 ± 0.15° 0.0658 ± 0.001
c

8 5.72 ± 0.06
c

0.0601 ± 0.001
c

from 13.6 ± 0.93 to 5.72 ± 0.06 (F = 46.14, d.f. = 4,49,

P < 0.01) (Table 3). Accordingly, the per capita searching

efficiency (a) decreased significantly from 0.12 ± 0.01 to 0.06

± 0.01 as parasitoid density increased from 1 to 8 (F =

28.80, d.f. = 4,49, P < 0.01). The mean numbers of hosts

parasitized increased significantly as the parasitoid density

increased (F - 351.06, d.f. = 4,49, P < 0.01) (Table 3).

The equation of linear regression between the logarithm

of per capita searching efficiency (a) and the logarithm of

parasitoid density (P) was log a = -0.3164 log P - 0.9246

(Figure 3). The slope of the regression line (the interference

coefficient) was -0.3164. This negative value shows an

inverse relationship between parasitoid density and per

capita searching efficiency. The negative relationship between

per capita searching efficiency and parasitoid density was

also documented in D. rapae on B. brassicae [29], and

Lipaphis erysimi (Kaltenbach) [48, 49]. This reaction refers

to intraspecific competition in the parasitoids. In addition,

high parasitoid density causes a higher proportion of male

progeny, probably because the females laid unfertilized eggs

[50]. The significant reduction of host parasitization per

parasitoid with increasing parasitoid density suggests that

interference amongst parasitoids also increased at higher

parasitoid density. This is probably due to a closed experi-

mental arena and limited time for parasitization and a high

probability ofmutual interference [30] . In nature, parasitoids

maybe more attracted to patches ofhigh host density than to

patches of low host density [51]. Aggregation of parasitoids

in high host density patches increases the probability of

encounters between parasitoid individuals. The effect of
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Figure 3: Regression line in mutual interference ofPraon volucre on

second-instar nymphs of S. avenae.

these encounters (i.e., mutual interference) is to reduce

parasitoid searching efficiency and searching time [37].

Accordingly, in our study, the searching efficiency of P. volu-

cre decreased as the parasitoid density increased (Table 3).

This study provides information on host-parasitoid

interactions, which are helpful in management of S. avenae.

However, field-based studies are needed to determine P. volu-

cre s impact on S. avenae and to achieve more realistic results.
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Bacillus thuringiensis produces crystal toxins known as Cry that are highly selective against important agricultural and human
health-related insect pests. Cry proteins are pore-forming toxins that interact with specific receptors in the midgut cell membrane
of susceptible larvae making pores that cause osmotic shock, leading finally to insect death. In the case of pore-forming toxins that

are specific to mammalian cells, death responses at low doses may induce apoptosis or pyroptosis, depending on the cell type. The

death mechanism induced by Cry toxins in insect midgut cells is poorly understood. Here, we analyze the caspases expression by

RT-PCR analysis, showing that the initial response of Manduca sexta midgut cells after low dose of CrylAb toxin administration

involves a fast and transient accumulation of caspase-1 mRNA, suggesting that pyroptosis was activated by CrylAb toxin as an ini-

tial response but was repressed later. In contrast, caspase-3 mRNA requires a longer period of time oftoxin exposure to be activated

but presents a sustained activation, suggesting that apoptosis may be a cell death mechanism induced also at low dose of toxin.

1. Introduction

Bacillus thuringiensis (Bt

)

are insecticidal Gram-positive

bacteria that produce inclusion bodies composed by 8-

endotoxin proteins, during sporulation [1]. The main com-

ponents of these inclusions are the crystal (Cry) toxins,

which possess highly selective toxicities against important

agricultural and human health-related insect pests but are

nontoxic to mammals or other organisms [2]. Cry toxins are

classified as pore forming toxins (PFTs) based on its capacity

to make pores in the midgut membrane of the larvae causing

osmotic shock, rupture of the midgut cells, and finally the

insect death [3].

In mammalian cells, PFTs are important virulence factors

that kill eukaryotic cells by different mechanisms, depending

on the dose and the cell type (for review, see [4]). At low

doses, cell death occurs through two different mechanisms:

(1) apoptosis, characterized by the activation of initiator-

caspases (Cas) (Cas-2, -4, -8, -9, -10, and -12) that trigger

effector-Cas (Cas-3, -6, and -7) to cleave cellular substrates.

Apoptotic cells features include nuclear and cytoplasmic

condensation and cellular fragmentation, Cas-3 activation,

DNA damage, and formation of apoptotic bodies [5] and (2)

pyroptosis characterized by the activation of inflammatory

caspases, such as Cas-1, -5 and -11, that mediate cell death

and inflammatory responses [6]. Apoptosis and pyroptosis

are death processes confined to a discrete cell population that

contends the insult and in some cases allows the organism to

recover.

Some examples of PFT that induce apoptotic death

response, when used at low doses are the Staphylococcus

aureus Penton-Valentine leukocidin (PVL) that triggers Cas-

9 and Cas-3 activity in neutrophils [7] and the Clostridium

perfringens enterotoxin (CPE) induces activation of Cas-

3 or Cas-7 in Caco-2 cells [8]. In endothelial cells, the

Streptococcus pneumoniae pneumolysin (PLY) induces Cas-6,

Cas-9, and Cas-3 [9] , and in HeLa cells, the Bt parasoporin-1,

activates Cas-3 [10]. Activation of Cas-1 and pyroptosis has

been observed in macrophages treated with the streptolysin

O (SLO) toxin from Streptococcus bacteria, the PLY, and the

anthrax toxin [11-13]. It was shown that pore formation

activity of these PFT is necessary to induce the apoptotic or

the pyroptosis responses, since PFT mutants affected in pore

formation, toxin-knockout mutants, or organisms in which

the expression of PFT has been greatly reduced by antisense

RNA were unable to induce these responses [7, 10, 14-16].



2 Psyche

At high doses of PFT, cells respond starting a more

severe cell death processes known as necrosis and oncosis,

for example, high doses of CPE provokes oncosis in Caco-2

cells [8]. Oncosis is characterized by cellular and organelle

swelling, membrane blebbing, and an increment in mem-
brane permeability. Oncosis leads to depletion of the cellular

energy stores and failure of the ionic pumps [17].

In the case of Cry toxins, there are no reports studying

the induction of apoptosis or pyroptosis cell death processes

in vivo in intoxicated Lepidopteran insects. The only report

that analyzed the expression of cas- 1 in third instar Aedes

caspius larvae, a Dipteran insect, showed activation of cas-1

genes after treatment with two larvicidal bacteria, Bt and B.

sphaericus
[ 18] . The aim of our work was to explore ifpyrop-

tosis and apoptosis cell response processes, are activated in

vivo in the midgut cells of Manduca sexta larvae in response

to CrylAb intoxication. Elere, we show that M. sexta larvae

intoxicated with CrylAb induce a transient expression of cas-

1, at low doses (LC25) and short times. In contrast, the cas-

3

is induced after longer time oftoxin exposure depending also

in the toxin dose. Our results suggest that M. sexta midgut

cells may induce first pyroptosis as an initial response to low

doses of toxin, and then, apoptosis is triggered later with a

more sustained pattern also at low toxin dose.

2. Materials and Methods

2.1. Extraction of the Crystal-Spore Suspension. Bt strains

harboring pHT315-CrylAb plasmid [19] were grown at

30° C, in nutrient broth sporulation medium, supplemented

with 10 f/gmk 1 erythromycin until complete sporulation

[20]. Crystal inclusions were observed under phase contrast

microscopy and purified as previously described [21].

2.2. Manduca sexta larvae Intoxication. CrylAb was applied

onto the diet surface in 24-well plates as described [20].

For clarity, we added thirty-five microliters of CrylAb

crystal suspensions, containing two different toxin concen-

trations (1 and 2ngcm-2
), corresponding to the lethal

concentrations of LC25, and LC50, respectively, as previously

described [20]. Once the surface was completely dry, a

neonate first-instar M. sexta larvae was added per well,

using 24 larvae per dose and time (from 0 min to 48 h)

in order to analyze the initial response of the larvae to the

toxin action. Two experiments were done with a total of 48

larvae per treatment. Feeding behavior was synchronized,

since first instar larvae were quite voracious and imme-
diately starting feeding when transferred to the artificial

diet.

2.3. RT-PCR Assays. Total RNA isolated from midgut tissue

from control M. sexta or with intoxicated larvae with LC25

and LC50 concentrations of CrylAb toxin at different times

from 0 to 48 h was used for cDNA synthesis as previously

reported [22]. Control larvae were feed with same diet

without toxin addition at the same times. Briefly, 2 pg of total

RNA and 500 pg of oligo(dT25)VN was used to synthesize

cDNA with 1 pL (200 Units/^L) ofMoloney murine leukemia

virus Retroranscriptase (MoMLVRT) (Invitrogen, Carlsbad,

Calif, USA). A volume of 2pL of the first strand cDNA
reaction was used in a 50-pL PCR reaction. Primers cas-

1 Forward (5'-CCA TTT ATT TTC AAT CAT GAA CAT T-

TT G-3') and cas-lReverse (GGT TTA CCA GCA AGT GTG
GGA-3') or cas-3Forward (ACG AAG ATG TCG AAG CTC
TGA AT-3') and cas-3-Reverse (CAT TAA CCA GAT TTC
GCG CTT C-3') were used to amplify the M. sexta cas-

1 and cas-3 cDNA, respectively. Taq DNA polymerase was

used, and PCR reactions were performed as follows: (1)

denaturing step, 1 min at 94° C, (2) extension step, 30 cycles

of 30 sec at 94°C, 30 sec at 58°C, and 50 sec at 68°C, and

(3) final extension, 5 min at 72°C. An aliquot of 5 pL of

PCR product was analyzed by standard agarose gel elec-

trophoresis and observed after ethidium bromide staining.

As loading control a 268-bp RT-PCR product of ribosomal

protein S3 ( rpS3

)

(Accession number U12708) from M.

sexta, was also amplified by using rpS3-Forward, 5'-CCG-

ATC GGA GAT CAT CAT CAT GGC C-3' and rpS3-Reverse
5' -GCAACC GCG CGC TTC AGA CTC C-3' primers. The

mRNA band intensity was quantified using the ImageJ

software (http://rsb.info.nih.gov/ij/). The relative amount of

mRNA for cas-1 and cas-3 were quantified using as reference

the amount of the corresponding loading control ( rpS3 ).

The induction folds for cas-1 and cas-3 after CrylAb toxin

administration was calculated in relation to the control

larvae that were fed with the same diet and times without

toxin addition. All data set were done two times, standard

deviation of the data sets were calculated and error bars

included in the figures.

2.4. Cloning and Sequencing. The PCR products obtained

after cas-1 and cas-3 amplification reactions described above

were cloned into the EcoRV restriction site of the pBCSK+

plasmid (Invitrogen, Carlsbad, Calif, USA) and sequenced

in the Institute de Biotecnologia, UNAM facility using Taq

FS Dye Terminator Cycle Sequencing Fluorescence-Based

Sequencing in a Perkin Elmer/Applied Biosystems Model

3730 sequencer (ABI Prism; AppliedBiosystems, Carlsbad,

Calif, USA).

2.5. Phylogenetic Analysis. The virtual translations of cas-1

and cas-3 gene sequences from M. sexta were aligned using

Muscle 3.7 alignment [23]. The alignment includes Cas-1

and Cas-3 proteins from different Lepidoptera and Dipteran

insects as well as some Caste, Cas-7, and Caste that were

identified in Dipteran insects. A maximum likelihood tree

was constructed and drawn using PhyML version 3.0 [24]

with a bootstrap of 500 replicates.

3. Results and Discussion

3.1. Isolation ofM. sexta caspase-1 and caspase-3 Genes. To

obtain the M. sexta cas-1 and cas-3 gene sequences, the

Bombix mori gene sequences of these cas genes were used as

a template to search for homologues sequences in an EST
library from M. sexta deposited in the http://www.agripest-

base.org/.
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20 40

H. armiguera Cas-1 RTGTNVDSDNLAKVLKGLGFRV - TALNNLKS EEVI RYVQETAEMNHSDFDCL L 52

T. ni Cas-1 RTGTNVDSDNLAKVLKGLGFRV - TVLTNLKS EE I LKYVQQTADMDHSDSDCL L 52

B. mori Cas-1 RTGTNVDSDS L S KVLRGLGF S V - TVLHNLRAED I NRY I QQ I S EMDHTDNDCL L 52

S. frugiperda Cas-1 RTGTNVDSDNL S KVLKT LGFKV - TVF PNLKS EE I NKF I QQTAEMDHSDADC L L 52

P. xylostela Cas-1 RSGTNVDSDNLSRVLKGLGFQV - S VMNNLKS ADVNRY I QQTAEMDHSDFDCLL 52

M. sexta Cas-1 RTGTNVDGDNLAKVLKGLGFRV - TMLHNS KAEE 1 NICY I QE I ADMDHS ENDCL L 52

M. domestica Cas-1 R S GTNVDCDNLARCL KQLD FDV - Q I YKD S T L KE LMRQVEWAA S QDHTNNDC I L 52

D. melanogaster ICEI RAGTNVDCENLTRVLKQLDF EV - TVYKDCRYKD I LRT I EYAASQNHSDSDC I L 52

C. quinquefasciatus Cas-1 RAGTNVDCENLAS TLKHLDFDV - RVYKDMKLRDMQKEVEKVAKMDHSDNDC I L 52

D. melanogaster Cas-6 RVGTERDRDDMEATLQGFGFDV - RTFDDLTF S E I NDTLKEVAREDHSQNDCF V 52

A. stephensi Cas-7 REGSDRDRDS I GAVL E S I GFDV - RVFNNLDKKDLLDELDKVAHEDHLQSDCLV 52

A. gambiae Cas-8 RKGTEVDKSALERL FNDFGYDL - LVEEN I THHQ I LQAVQHAVQRTQP I HC S LV 52

A. aegypti Cas-8 RRGTEVDKMA I LNL FTNLGYEP - IWEN I PHLE IMNQVEQAVDRVE PHHC S LV 52

M. sexta Cas-3 R I GTNEDVEALNAVF S S LKF EV - TVYDDL S RVQIMEVVKRARLRDHSDT S CVV 52

A. aegypti Cas 3 RKGS EHDLKL I KE FVKGYNMK I AD I CEDF S VTKVKKKMNKVS LKNFGS Y S S LM 53

C. quinquefasciatus Cas-3 REGS EKDLQL LKHVFTRYRVKKPD I CENYTVLR I KDKMRKK - -KDFSKYSCLL 51

D. melanogaster DreamC RKGSAQDVKVLRAT F EQLKCKV - EVI TDATLVT I KKTVRMLQTKDF EDKS ALV 52
"

B. mori ICE2 RNGTFEDVKSLKDLFEGLS YNV - TTYTDL I YEDI LNRVAE FCQRDHS KT S CV I 52

B. mori ICE5 RNGTF EDVKS LKDL F EGL S YNV - TTYTDL I YEDI LSRVAEFCKRDHSKTSCVI 52

H. armiguera Cas-1 I AVLTHGELGMLY - AKDTHYKPEN - LWYYFTGDKCPTLAGKPKL F F I QACQG 102

T. ni Cas-1 I AVLTHGELGMLY - AKDTHYKPEN - LWYYFTGDKCPTLAGKPKL F F I QACQG 102

B. mori Cas-1 VAVL SHGELGML Y - AKDTHYKPDN - LWYYFTADKCPTLAGKPKL F F I QACQG 102

S. frugiperda Cas-1 VAVLTHGELGMLY - AKDTHYKPDN - LWYYFTADKCPTLAGKPKL F F I QACQG 102

P. xylostela Cas- 1 I AVLTHGEMGL LY - AKDTHYKPDN - LWYY FTADKCPTLAGKPKL F F I QACQG 102

M. sexto Cas-1 VAVLTHGELGMLY - AKDTHYKPDN - LWYYFTADKCPTLAGKPNY F F I QACQG 102

M. domestica Cas- 1 VT I L SHGELGY I Y - AKDTQYKLDS - IWS YFTAQRCPT SAGKPKL F F I QACQG 102

D. melanogaster ICEI VA I L SHGEMGY I Y - AKDTQYKLDN - IWS F FTANHCP S LAGKPKL F F I QACQG 102

C. quinquefasciatus Cas-1 I TI LSHGELGYLY - AKDCQYKLDI - IWS Y FTANHCPTLAGKPKL F F I QACQG 102

D. melanogaster Cas-6 LAVMSHGTEGKVY - AKDMS YPVER - LWNP F LGDNCKTLKNKPKL F F I QACRG 102

A. stephensi Cas-7 VV IMTHGK - DVL Y - ASDKCYP I GC - LWEP F LGDECS S LRGKPKL F FVQACRG 101

A. gambiae Cas-8 VCL L SHGQEGKVFGANS IPVEVRA- IQQLMASER LTGKPKLL I VQACQG 100

A. aegypti Cas-8 I CL L SHGQEGKVYGSNS I PVSVKA- I ERKMAARK LTGKPKLLFVQACQG 100

M. sexta Cas-3 VAI LTHGNPGGE LWAKDGP YNL SN - VLTKFEGGN LVA I PKVF LVQACRG 100

A. aegypti Cas 3 I VIMSHGGLNDQI QASNGF YHLDTT I VEPTLMNE - - TLKGKPKL F FVQACKG 103

C. quinquefasciatus Cas-3 V I VMSHGETKDR I QAYDNL YNF EQEVVERVLTNT - - TLKDKPKL F F I QACKG 101

D. melanogaster DreamC LV I L SHGTRHDQI AAKDDDY S LDDDVVFP I LRNR - - TLKDKPKL I FVQACKG 102

B. mori ICE2 VT I LTHGDSGEVF - AADQPYKI SD- - LTNMI ENAHHTLVGKPK I F F I QACRG 101

B. mori ICE5 VTT LTHGDSGEVF - AADQPYKI SD- - LTNMI ENAHHTLVGKPK I F F I QACQG 101

Figure 1: Multiple sequence alignment of Lepidoptera and Dipterans caspases. The deduced catalytic domain of M. sexta Cas-1 and Cas-3

is compared with the catalytic domain of caspases from other Lepidoptera and Dipterans family members. The selected sequence fragments

include R73
to G 173 region based on B. mori Cas-3 sequence (Q2HZ04). Amino acid identities are in gray boxes. *: shows the catalytic dyad.

When cas-1 sequence from B. mori (Accession number
AF448494) was used as query, a DNA contig containing a

complete hypothetical cas-1 ofM. sexta, with 80% of identity,

with B. mori cas-1 query was obtained (ctg7180001044351).

On the other hand, using the B. mori cas-3 sequence as a

template (Accession number AAW79564), a DNA contig

from M. sexta (ctg7 18000 10559 14) with 40% identity to B.

mori cas-3, was identified.

The deduced open reading frame from M. sexta cas-1

codify for 289 amino acid residues and the partial cas-3

gene for 154 residues. Alignment of several Lepidoptera and

Diptera Caspase protein-fragments that include the catalytic

domain showed that the catalytic dyad, characteristic of the

Caspase family, is conserved. In M. sexta Cas-1, the catalytic

dyad corresponded to His 119 and Cys 174
residues. The H

and C catalytic residues in M. sexta Cas-3 partial protein

sequence are also conserved (Figure 1).

3.2. The Cas-1 and Cas-3 Proteinsfrom M. sexta Larvae belong

to Two Independent Phylogenetic Groups Conserved between

Lepidotera and Diptera. To obtain a better picture of the

relationships between the M. sexta Cas-1 and Cas-3 proteins

with those from other organisms, a maximum likelihood

phylogenetic tree was constructed. The tree included

representative Cas-1 and Cas-3 proteins from different Lepi-

doptera and Diptera organisms as well as some Cas-6, Cas-7

and Cas-8 archetypes from Dipteran insects (Figure 2). The

Cas-1 and Cas-3 sequences are clustered in two independent

branches of the phylogenetic tree, indicating that the M.

sexta sequences used in this work were correctly identified.

Each of the Cas-1 and Cas-3 clades, in turn, are separated

in two groups: one containing the Lepidotera proteins and

the other those belonging to the Diptera proteins. The

Cas-1 group of Lepidopteran proteins contains B. mori

(Q8I9V7), Spodoptera frugiperda (P89116), Plutella xyloStella

(D9IVD4), Trichoplusia ni (B6EEC1), and Helicoverpa

armigera (A7L9Z3), and the Dipteran group includes

Drosophila melanogaster (001382), Culex quinquefasciatus

(B0W0K2), and Musca domestica (B5AK94) Cas-1 proteins

related to activation of cytokines during inflammation. The

Cas-3 group of Dipteran sequences includes sequences from

Aedes aegypti (Q178B6), C. quinquefasciatus (B0WZJ4), and

D. melanogaster (Q7KHK9), while the Lepidopteran group

contains two Cas-3 sequences from B. mori (Q2HZ04 and
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—A. stephensi Cas-7

D. melanogaster Cas-6

D. melanogaster ICEI

C. quinquefasciatus Cas-1

M. domestica Cas-1

— B. mori Cas-

1

— M. sexta Cas-1

— S. frugiperda Cas-

1

— P. xylostela Cas-

1

-T. ni Cas-1

—H. armiguera Cas-1

Caspase 1

A. gambiae Cas-8

A. aegypti Cas-8

M. sexta Cas-3

- B. mori ICE2

B. mori ICE5

A. aegypti Cas-3

C. quinquefasciatus Cas-3

D. melanogaster DreamC

Caspase 3

0.6

Figure 2: Phylogenetic tree of Cas-1 and Cas-3 proteins from M. sexta. A phylogenetic tree was constructed using the following sequences:

Cas-1 from Bombyx mori (Q8I9V7), Spodoptera frugiperda (P89116), Plutella xylostella (D9IVD4), Trichoplusia ni (B6EEC1) Helicoverpa

armigera (A7L9Z3), Drosophila melanogaster (001382), Culex quinquefasciatus (B0W0K2), Musca domestica (B5AK94), and Manduca sexta

(ctg7180001044351). Cas-3 from Aedes aegypti (Q178B6), C. quinquefasciatus (B0WZJ4), D. melanogaster (Q7KHK9), B. mori (Q2HZ04
and Q2HZ05), andM sexta (ctg7180001055914). Cas-6 fromD. melanogaster (Q9NHF9). Cas-7 from Anopheles stephensi (Q86FL0). Cas-8

from An. gambiae (Q5TMK1) and Ae. Aegypti (Q16H55).

Q2HZ05) that are related to apoptosis [25]. We also add

some other caspase proteins to this analysis, such as the Cas-

6 from D. melanogaster (Q9NHF9), Cas-7 from Anopheles

stephensi (Q86FL0), and two initiator Cas-8 sequences, one

from An. gambiae (Q5TMK1) and other from Ae. Aegypti

(Q16H55), which are clustered in different branches from

Cas-3 and Cas-1 (Figure 2).

3.3. CrylAb Intoxication Induces cas-1 and cas-3 Expression

in M. sexta Larvae Midgut. To get new insights into the

responses ofM. sexta midgut cells to CrylAb intoxication, we
analyzed the expression pattern of cas-1 and cas-3 as charac-

teristic features of pyroptosis and apoptosis, respectively. M.

sexta larvae were treated with two different doses of CrylAb

toxin. The 25% lethal concentration and the medium
lethal concentration were calculated in first instar M. sexta

larvae feed 7 days with different concentrations of toxin by

Probit statistical analysis. We then used a low dose, 1 ng

cm-2
(corresponding to LC25 ) and medium dose, 2ngcm-2

(corresponding to LC50 ) to study the initial response ofM
sexta midgut cells after ingestion of the toxin. M. sexta larvae

feed with the same diet without contamination with CrylAb

toxin, were used as control in each time analyzed. A RT-PCR
approach was used to monitor cas-1 and cas-3 gene expres-

sion and the internal loading control rpS3 was also analyzed.

The predicted cas-1 and cas-3 cDNA sizes were 440 nt and

243 nt, respectively. The cDNA products obtained by RT-

PCR, were cloned, and sequenced to corroborate their iden-

tity. Figure 3 shows representative RT-PCR electrophoretic

patterns of cas-1 and cas-3 obtained in the control larvae and

after treatment with the different toxin dose. This figure also

shows the rpS3 loading control. The numbers on the agarose

gel represent the number of pixels observed in each mRNA
band as determine by scanning optical density of the bands.

RT-PCR was used to analyze the expression of cas-1

and cas-3 in response to CrylAb intoxication. In panel A
of Figure 4, we show the relative expression levels of cas-

1 and cas-3 in control and toxin intoxicated larvae at the

different times by analyzing the band intensity of cas-1 or

cas-3 RT-PCR data over the band intensity of the constitutive

rpS3 control at the corresponding time and toxin dose. RT-

PCR expression analysis showed that both cas-1 and cas-3

expression was slightly induced in the control larvae during

the time frame of the analysis, where both cas-1 and cas-3

showed a twofold induction after 48 h of feeding in normal

diet (Figure 4(a)).

In relation to the CrylAb intoxicated larvae, the results

showed that cas-1 was only induced after low dose of CrylAb

administration, showing higher levels of cas-1 mRNA than

the control feed larvae after 30 min and 2h of feeding

M. sexta with a LC25 CrylAb surface contaminated diet

(Figure 4(a), upper panel). The cas-1 mRNA expression was

then repressed at longer times of incubation at this toxin

dose and at all times after intoxication with higher toxin

dose, LC50 (Figure 4(a) upper panel). It is noticeable that

larvae looked healthy during the course of the experiment.

In relation to the cas-3 mRNA expression, we found that

this mRNA was also induced at low dose of toxin ingestion
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Figure 3: Representative electrophoretic patterns of RT-PCR amplifications of cas-1, cas-3, and rpS3 genes from M. sexta larvae. RT-PCR
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but requires longer times of toxin administration to be fully

activated (Figure 4(a), lower panel). In LC50 toxin dose, the

cas-3 mRNA was only induced at 2h after feeding with

the toxin. It is interesting that this gene did not show a

clear repression at longer times of intoxication with both

toxin doses even at 48 h. The induction of cas-3 mRNA was

dependent on toxin dose, being higher with a LC25 than with

a LC50 toxin dose (Figure 4(a), lower panel). Larvae looked

paler than control larvae at 48 h feeding with LC50 toxin dose,

but no death larvae were observed as expected, since LC50

value corresponds to the dose that kills 50% ofthe larvae after

7 days of intoxication.

In Panel B of Figure 4, we show the analysis ofthe changes

in fold expression of cas-1 and cas-3 mRNA after CrylAb

ingestion relative to control larvae fed with a noncontami-

nated diet. In this figure, it is clear that the highest expression

of cas-1 in response to CrylAb intoxication was observed

after 30 min intoxication with a LC25 showing 1.5 fold

induction, and then, the expression of this cas-1 gene was

repressed after 24 h of toxin ingestion as well as with higher

LC50 dose of toxin administration, where it was repressed at

all tested times, when compared with the control larvae fed

with a normal diet (Figure 4(b), upper Panel). In contrast,

the expression of cas-3 mRNA showed an induction of 2.3

fold over the control larvae at 2 h after intoxication with LC25

toxin dose (Figure 4(b), lower Panel) and one fold induction

after 2 h intoxication with LC50 toxin dose. The expression of

cas-3 mRNA did not show a clear repression when compared

with the control larvae, during the time frame of this study

(Figure 4(b), lower Panel).

In conclusion, two different toxin doses of CrylAb, LC25

and LC50, were used in this study to analyze the initial

response of M. sexta larvae to toxin intoxication. In this

work, we identify the putative cas-1 and cas-3 genes of M.

sexta larvae and analyzed their expression in vivo in the

midgut tissue of the insect during intoxication with CrylAb

toxin. As mentioned above, the inflammatory Cas-1 and the

effector Cas-3 have been implicated in activation of different

programmed cell death responses, named pyroptosis or

apoptosis, respectively. In mosquito larvae, it has been

described that Cas-3 protease is activated after invasion

of midgut cells with the malaria parasites Plasmodium

gallinaceum and P. berghei, suggesting that midgut cell death

during penetration of the malaria ookinete is related to an

apoptotic process [26] . In other reports, it was shown that the

modulation of Cas-1 and Cas3 in midgut tissue of Heliothis

virescens and in Periplaneta americana are implicated in the

activation of programmed cell death during metamorphosis

or during starvation, respectively [27, 28].

Our results suggest that M. sexta larvae trigger pyroptosis

as an initial response to intoxication with a low dose of

CrylAb, suggesting that this process may participate as a

defense mechanism under this condition, and this response

is inhibited at longer periods of toxin ingestion or at

higher dose of toxin (Figure 4). In the case of other pore

forming toxins, such as PLY, SLO, and lethal toxin from

B. anthracis, it was shown that these toxins activate Cas-

1 in macrophages promoting cell death though pyroptosis

[11-13]. Cas-1 -deficient macrophages were more resistant to

cell-death induced by the SLO toxin [12]. In contrast, the

expression of cas-3 in M. sexta intoxicated larvae suggests

that apoptosis may play a role latter, after longer times of

CrylAb toxin administration and may be present at higher

toxin doses showing a more sustained activation than Cas-

1. These results are similar to the PVL toxin or the a-

hemolysin produced by Escherichia coli that activate Cas-3

expression, inducing apoptosis in neutrophils, monocyes and

macrophages when used at sublytic concentrations [7, 15],

or to CPE from C. perfringens that also induces typical

apoptotic cell death at low dose in mammalian Caco-2 cells

by activating Cas-3 [15].

Regarding to higher doses of CrylAb intoxication, it

was reported that cell death was produced by oncosis in

Trichoplusia ni H5 ovarian cell line expressing the M. sexta

CrylAb cadherin receptor. These authors showed that the

broad-spectrum Cas inhibitor z-VAD-fmk did not suppress

cell death in these cells, suggesting that Cas dependent

responses such as pyroptosis or apoptosis were not activated

with high doses CrylAb toxin in this cell line [29].

Further research is needed to analyze the role of Cas-1

activity in activating immune responses to low-dose admin-

istration of CrylAb toxin in M. sexta larvae. Similarly, the

role of Cas-3 in activating apoptotic responses at low doses

remains to be analyzed. Also, it will be desirable to analyze

the effect of specific caspase inhibitors on the toxicity of

CrylAb to determine the potential role of these programmed
cell death responses on survival to Cry toxin intoxication.
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This study tested the hypothesis that venom from the ectoparasitic wasp Nasonia vitripennis targets brain tissue and fat body from

its flesh fly host, Sarcophaga bullata. By 1 h postenvenomation, some brain neurons began to show irregularities in nuclear shape,

and though they were predominately euchromatic, there was evidence of heterochromatin formation. Irregularity in the nuclear

envelope became more prominent by 3 h after envenomation, as did the condensation of heterochromatin. The severity of ultra-

structural changes continued to increase until at least 24 h after parasitoid attack. At this point, cellular swelling and extensive

heterochromatic inclusions were evident, multivesicular bodies occurred in the cytoplasm of some cells, and the rough endo-

plasmic reticulum was dilated in many ofthe cells. Immunohistochemical staining revealed significant apoptosis in neurons located

in brain tissues. By contrast, there was no evidence of any morphological or ultrastructural disturbances in fat body tissues up to

24 h after envenomation, nor did any of the cells display signs of cell death.

1. Introduction

Ectoparasitic wasps typically subdue their insect hosts by

induction ofsome type of halt or delay in development [1,2].

Host arrest often is the result of venom-induced paralysis

[3, 4]. In most cases, paralysis is sustained until host death

and the venom constituents operate at neuromuscular junc-

tions and/or block synaptic transmission [5-7]. The para-

lyzed host essentially becomes nothing more than a fixed or

finite resource for feeding parasitoid progeny. In fact, there

is little evidence available to suggest that ectoparasitic wasps

relying on paralytic venoms physiologically manipulate their

hosts, or even have a need to, beyond triggering permanent

paralysis.

The situation can be quite different with ectoparasitic

wasps that use nonparalytic venoms. Host developmental

suppression is associated with more than just immobilization

of the host: a series of physiological and biochemical al-

terations occur in the host that resemble those changes

evoked by koinobiotic endoparasitoids [8, 9] . One example is

the pupal parasitoid Nasonia vitripennis (Walker) (Hymen-

optera: Pteromalidae). This wasp injects a complex pro-

teinacious venom [10] into fly hosts during oviposition that

elicits a developmental arrest sustained until death [11]. The

arrestment is characterized by a reduction in respiratory

metabolism
[ 12] ,

followed by tissue-specific increases in lipid

content [13] that are essential to the wasp’s offspring success-

fully completing development [14]. Most features of pharate

adult development fail to occur in envenomated pupae

and pharate adults of the flesh fly, Sarcophaga bullata

Parker (Diptera: Sarcophagidae). However, depending on the

stage of host development at the onset of parasitism, eye

pigment deposition and body bristle formation in fly hosts

still occur, albeit as intermediates of wild-type phenotypes



2 Psyche

and greatly delayed in terms of onset by comparison to

normal pharate adult development [2, 11]. The fact that

envenomation triggers developmental arrest in the host and

that fly development is not completely retarded suggests that

wasp venom targets brain tissue
[
15]

.

Venom-induced manipulations of host physiology and

development appear to depend on signaling pathways involv-

ing G-protein sensitive receptors [15, 16]. In vitro assays

suggest that disruption of these signaling pathways leads

to an imbalance in calcium homeostasis that culminates in

cell death. Ultrastructural and morphological evidence using

cultured cells (BTI-TN-5B1-4 cells) indicates that venom-

induced death shares features consistent with apoptosis, non-

apoptotic programmed cell death, and oncosis
[
17] . Genome

mining and proteomic analyses of venom glands from N.

vitripennis have led to the identification of multiple venom
proteins with defined roles in programmed cell death [10,

18]. However, no functional studies have been performed

with isolated venom proteins to determine their roles in the

host-parasitoid system, nor have any investigations examined

the type of cell death evoked in host tissues in vivo.

In this study, we attempted to address the hypothesis that

venom from N. vitripennis targets brain tissue and fat body

from the fly host, S. bullata. We specifically examined the

morphological and pathological changes that occur in select

fly tissues (brain and fat body) following envenomation by

N. vitripennis.

2. Materials and Methods

2.1. Insect Rearing. N. vitripennis was maintained as a labo-

ratory colony on pupae and pharate adults of S. bullata as

described previously [11]. Adults and larvae were reared

under a light-dark cycle of light 15 h: dark 9 hours at 25°C.

Twenty to thirty females (3-7 days after emergence from host

puparia) were placed in a Petri dish (15 X 100 mm) with 40-

60 nondiapausing pupae (4 days after pupariation at 25° C)
of S. bullata and a 50% (v/v) honey-water solution. After

24 h, the adult wasps were removed and parasitized pupae

maintained at 25°C, LD 15 : 9h. Under these conditions, N.

vitripennis completes development from egg to adult (emer-

gence) in 12 days.

A colony of S. bullata was maintained as described by

Denlinger [19]. Larvae were fed beef liver throughout devel-

opment at 25°C with a photoperiodic cycle of LD 15 : 9h.

Adults were allowed to feed ad libitum on beef liver, sugar

cubes, and water at 25°C with a photoperiodic cycle of LD
15:9h. To synchronize fly development for assessing host

age, third stage larvae that had begun to wander from food

but prior to crop emptying were placed in a vented glass

jar with 1-2 mL tap water. Larvae were held under these

conditions for 3 days at 25° C with frequent (3-5 times/d)

water changes. This “wet” treatment temporarily inhibits the

release of ecdysteroids until the larvae are placed in dry con-

ditions, thereby synchronizing initiation of pupariation [20]

.

2.2. Exposure ofParasitoids to Hosts. Nondiapausing pharate

adults (5 days after pupariation at 25° C) of S. bullata were

exposed singly to individual females of N. vitripennis as

described previously [11]. Oviposition was restricted to the

posterior 1/3 of the fly puparia (individual puparia were

wrapped in aluminum foil) [11] to facilitate parasitoid re-

moval. After host exposure, the adult wasps were discarded,

the posterior cap of each puparium was opened, and the

parasite’s eggs were removed. Each pharate adult was then

kept separately in glass culture tubes (13 x 100 mm) capped

with cotton plugs and maintained at 25° C, LD 15 : 9 h until

brains or fat body were excised.

2.3. Preparation of Brain Tissue. Brains were removed from

envenomated and nonenvenomated pharate adults of S. bul-

lata by dissection under a stereo dissecting microscope (Zeiss

Stemi 2000, Germany). The head of each fly was severed

from the thorax using iris scissors and placed in phosphate

buffered saline (25 mM, pH 7.4). The head integument was

then cut longitudinally along the dorsal surface to bisect bet-

ween the optic lobes and expose the brain. Iris scissors were

used to gently cut all tracheal and neural connections to

the brain so that the brain could be transferred to cold

Karnovsky’s fixative (4% paraformaldehyde and 5% glu-

taraldehyde in 0.1 M phosphate buffer (PB) (pH 7.2) for

8-18 h [21]. After rinses in cold PB, tissues were postfixed

in 1% osmium tetroxide for 2h, rinsed again in PB, and

stained with 2% uranyl acetate for 3 h. Tissues were rapidly

dehydrated in an ethanol series (50%, 70%, 90%, and 100%)

for 10 min each, infiltrated with propylene oxide: plastic,

and stored in desiccated plastic overnight. Tissue pieces were

placed in molds and polymerized overnight in an oven pre-

set at 60° C. Brains were excised from pharate adults at 0, 0.5,

1, 3, 6, and 24 h postenvenomation, with tissues from 2-4

hosts examined by transmission electron microscopy (TEM)
at each time point.

Thick sections ( 1
pm) were cut on an LKB Astrodome

8800 ultramicrotome and collected on glass microscope

slides or glass cover slips for light microscopic observations

and for immunocytochemical staining. Thin sections were

then cut and collected on 200-mesh copper grids, stained

with uranyl acetate and lead citrate. All electron micro-

scopic observations were made on a JEOL 100S electron

microscope at 80 kV. Section orientations were determined

by using optic lobes as reference points. The percentage of

cells that displayed formation of plasma membrane blebs,

irregularities (i.e., convolutions) of the nuclear envelope, or

heterochromatin formation in nuclei were determined from

captured images. Image analyses were performed using brain

thin sections from three hosts, counting a minimum of 500

cells/treatment/time point. To ensure the same cells were not

counted multiple times, sequential thin sections from the

same host were not used for cell counts.

2.4. Preparation ofFat Body Tissue, Fat body tissues were re-

moved from envenomated and nonenvenomated pharate

adults of S. bullata by dissection under a stereo dissecting

microscope essentially as described by Rivers and Denlinger

[13]. Lobes of fat body were collected from the head and

anterior thoracic regions using fine forceps. Iris scissors were

used to gently cut all tracheal and neural connections so

that isolated fat body were transferred to cold Karnovsky’s



Psyche 3

Control Venom Control Venom

Figure 1: Ultrastructure ofbrains from young pharate adults of S. bullata following envenomation by N. vitripennis. At 0 and 0.5 h postenve-

nomation, neuronal cells in brain tissues from healthy and envenomated flies appeared virtually identical in appearance. Neuronal nuclei

(Nu) were euchromatic with a regular oval shape. By 1 h and 3 h, neuronal nuclei displayed irregularity of shape with indentations in

nuclear envelope (NE) and the cytoplasm became more electron dense. At 6 h after envenomation, large heterochromatic inclusions (Eli)

were evident within nuclei ofmany of the cells and the nuclei became very irregular in shape. By 24 h, large heterochromatic inclusions were

present in nuclei of cells from envenomated flies. Nuclear envelopes remained intact but were irregular in shape.

fixative and then subjected to the same fixation, staining, and

sectioning procedures described for brain tissue. Fat bodies

were excised from pharate adults at 0, 0.5, 1, 3, 6, and 24 h

postenvenomation, with tissues from 2-4 hosts examined by

TEM at each time point.

2.5. Toluidine Blue Staining. In order to analyze the basic

architecture of fat body tissues following envenomation,

thick sections were stained with toluidine blue. Toluidine

blue stains cytoplasm and, when present, cytoplasmic inclu-

sions or granules [22]. Tissue sections (l pm) were trans-

ferred to glass slides and then stained with 1% toluidine blue

in PB, followed by mounting in Permount mounting media

(Fisher Scientific Supply, Hanover, 111, USA) and with a glass

cover slip placed over the media. Sections were examined

by light microscopy and images captured using an insight

4 SPOT RT fire wire digital camera (14.1 Monochrome
with IR filter, Diagnostic Instruments. Inc, Sterling Heights,

Mich), mounted on a compound microscope (Nikon), and

connected to a Macintosh Power Mac G5 computer (Apple).

Images were analyzed using SPOT (v. 4.5) and Adobe Pho-

toshop software (Creative Suite 2, Photoshop v. 9.0).

2.6. Immunocytochemical Staining. Detection of cell death in

thick sections ofbrain tissue isolated from envenomated flies

was performed using in situ labeling based on the TUNEL
assay (Apoptag Peroxidase in situ Apoptosis Detection Kit,

Chemicon International). Tissue sections were washed in

three changes of xylene (5min/wash), followed by two

washes (5 min each) in absolute ethanol and a single wash

(3 min) each in 95% and 70% ethanol, respectively, prior to

following the manufacturer’s instructions with the kit. Apop-

totic cell detection relied on a peroxidase reporter molecule

with diaminobenzidine serving as the enzymatic substrate.

Tissue sections were counterstained in 0.5% (w/v) methyl

green in 0.1 M sodium acetate (pH 4.0) to visualize nuclei.

Stained sections were mounted in Permount, and then a glass

cover slip was placed over the media. Dried specimens were

examined by light microscopy and images captured and san-

alyzed as described for thin sections. Apoptosis was deter-

mined from captured images of brain thick sections from

three hosts, counting a minimum of 500 cells/treatment/time

point. To ensure the same cells were not counted multiple

times, sequential thick sections from the same host were not

used for cell counts.

2.7.

Statistical Analyses. Means were compared using one-

and two-way analyses of variance (ANOVA) and Student

Newman-Keuls multiple comparisons tests using GraphPad

statistical software (InStat v. 3.00, a = 0.05). Percentage data

was arcsine transformed prior to analysis.

3. Results

3.1. Brain Organization. Brains from young pharate adults

of S. bullata resemble the structural organization of other
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(c) (d)

Figure 2: Venom-induced changes in neuronal ultrastructure in brain tissue from young pharate adults of S. bullata envenomated by N.

vitripennis. Following venom injection, some host brain cells (a) displayed prominent multilamellar bodies (Ml) by 6 hr postenvenomation.

The mitochondria (M) in the 6 hr (b) and 24 hr (d) cells displayed similar structure with no evidence of swelling of the intermembrane

space. By 24 h postenvenomation, some cells (c) contained multivesicular bodies (Mvb) and very swollen rough endoplasmic reticulum

(rER), while others (adjacent cells in (c) ) appeared to contain healthy rER. NE: nuclear envelope.

Table 1: Cellular responses ofbrain tissue from S. bullata to envenomation by N. vitripennis.

Cell responses (X± SEM) %
Time (hours) Treatment n Bleb formation Irregular nucleus Heterochromatin

0
Control 3278 0a 0a 0a

Venom 2743 0a 0a 0a

0.5
Control 3701 0a 0a 0a

Venom 3929 0a 0a 0a

1
Control 3362 0a 0a 0a

Venom 3578 0a 17.9 ± 2.1b 24.6 ± 1.7b

Control 2954 0a 1.6 ± 0.8c 0a
D

Venom 2881 0a 31.6 ± 2.4d 30.8 ± 3.1c

(i
Control 3460 0a 0.8 ± 0.1c 0a

O
Venom 4012 0a 46.1 ± 3.6e 53.2 ± 3.8d

24
Control 3055 0a 0a 0a

Venom 2896 23.1 ± 2.4b 68.4 ± 3.2f 63.8 ± 4.3e

The percentage of cells that displayed formation of plasma membrane blebs, irregularities (i.e., convolutions) of the nuclear envelope, or heterochromatin

formation in nuclei were determined from captured images and analyzed using SPOT (v. 4.5) and Adobe Photoshop software (Creative Suite 2, Photoshop v.

9.0). Image analyses were performed using brain thin sections from three hosts, counting a minimum of 500 cells/treatment/time point. Values in the same

column followed by the same letter do not differ significantly from each other at P < 0.05.

cyclorrhaphous flies: the brain represents the fusion of

supra and subesophageal ganglia, with two distinct optic

lobes extending from the protocerebrum [23, 24], Like in

Drosophila, the protocerebrum appeared to be composed

of closely arranged neurons and neuroglia. Differentiation

during the cryptocephalic to phanerocephalic stage meta-

morphosis leads to the apoptotically controlled degeneration

of the ring gland [25] and the complete formation of two

optic lobes in S. bullata [26]. In this study, the cellular

organization of phanerocephalic brain tissue observed from
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Figure 3: Light micrographs showing apoptosis in brain tissue of S. bullata following envenomation by N. vitripennis. Detection ofapoptotic

(ApN) or nonapoptotic neurons (N) relied on in situ labeling based on the TUNEL assay. Apoptotic cells are evident as darkly stained cells

(peroxidase) in each panel. Several swollen neurons (SNs) were evident by 24 postenvenomation. Brain tissue extracted from nonparasitized

flies served as controls. Magnification is 750x.

unparasitized S. bullata closely resembled that described for

Drosophila [27].

3.2. Venom-Induced JJltrastructural Changes in Fly Brains.

Following parasitism by N. vitripennis, wasp eggs were re-

moved from young pharate adults of S. bullata so that

the impact of venom on brain ultrastructure could be

examined. Brain sections from unparasitized flies revealed

no irregularities in neuronal cell structure: cell bodies and

their nuclei mostly appeared oval in shape, nuclei were

euchromatic, and the cells were devoid of obvious vacuoles

and blebs (Figure 1(a)). Similarly, brain tissue removed

from flies 30 min after envenomation appeared essentially

identical to controls, with no detectable changes in cell ultra-

structure (Figure 1(a); Table 1). By 1 h postenvenomation,

some irregularities in nuclear shape were observed, although

the nuclei did not appear convoluted. In these cells, the

nuclei were predominantly euchromatic (>70%, Table 1),

but there was some evidence of heterochromatin formation

(Figure 1(a)). Convolutions in the nuclear envelope of

Table 2: Incidence of apoptosis in brain tissue of S. bullata enveno-

mated by N. vitripennis.

Time

(hours)

0

3

6

24

Treatment n
Apoptotic cells

(X± SEM) %
Control 1745 4.7 ± 0.3a

Venom 2011 5.9 ± 0.2a

Control 1540 3.6 ± 0.4a

Venom 1687 13.5 ± 0.9b

Control 2431 6.2 ± 0.1a

Venom 1938 46.6 ± 2.6c

Control 1867 4.3 ± 0.4a

Venom 1805 59.7 ± 3.0d

Apoptosis was determined from captured images and analyzed using SPOT
(v. 4.5) and Adobe Photoshop software (Creative Suite 2, Photoshop v. 9.0).

Image analyses were performed using brain sections from three hosts,

counting a minimum of 500 cells/treatment/time point. Values in the same

column followed by the same letter do not differ significantly from each

other at P < 0.05.

neuronal cells became more prominent by 3 h after enven-

omation, as did heterochromatin in nuclei and increased
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(c) (d)

Figure 4: Light micrographs showing toluidine blue stained fat body tissue from young pharate adults of S. bullata following envenomation

by N. vitripennis. Fat body examined in control and envenomated flies displayed similar cytology at 0 and 24 h posttreatment: fat body cells

were large with prominent nuclei (Nu) and numerous lipid droplets (LDs) evident throughout the cytoplasm. Magnification is 720x.

electron density of the cytoplasm (Figure 1(b)). Significant

ultrastructural changes were evident within 6h following

parasite attack as evidenced by convolutions of the nuclear

envelope (Table 1), enlarged and darkened nucleoli, and

extensive heterochromatic inclusions (Figure 1(b)). Multi-

lamellar bodies were also evident at this time point

(Figure 2(a)). These changes were even more pronounced by

24 h postenvenomation (Table 1). In addition to extensive

convolutions of the nuclear envelope and heterochromatic

inclusions (Figure 1(b)), multivesicular bodies occurred in

the cytoplasm of some cells (Figure 2(c)), and the rough

endoplasmic reticulum was dilated in many of the brain

neurons (Figure 2(c)). By contrast, mitochondria in brain

tissue did not appear to be altered by venom for at least 24 h

after envenomation (Figures 2(b) and 2(d)).

3.3. Venom-Induced Death in Fly Brains. The cellular dis-

tortions detected in brain tissue following envenomation by

N. vitripennis resulted in widespread, but not indiscriminate,

cell death. Induction of apoptotic cell death was monitored

using an in situ labeling kit based on the TUNEL assay and

that relied on a peroxidase reporter molecule. Apoptotic

cells were readily distinguished as cells developed blue-

purple color intermediates, while living (prior to being em-

bedded), and oncotic cells were unstained. Consistent with

venom-induced ultrastructural changes, the number of

apoptotic cells detected in brain tissue increased with the

length of time after envenomation (Figure 3, Table 2). Few
neuronal cells appeared dead due to apoptosis in brain

tissue from unparasitized flies or from tissue extracted from

envenomated flies up until 3 h postvenom injection (<14%,

n = 1482, Table 2). However, the vast majority of dead cells

observed in brain tissue 6 h after parasitism stained positively

for apoptosis (Table 2). This pattern of staining was not as

evident in 24 h brains, presumably because the cells were

irreversibly injured and the nuclear DNA severely degraded

due to endonuclease activity. The latter would prevent

detection of apoptotic cells since the TUNEL assay relies on

in situ labeling of nucleotides.

Apoptosis did not appear to be the only form of cell death

induced by venom in brain tissue. Some of the cells were

observed at 24 h postenvenomation (Figure 3), and to a lesser

extent at 6h, to be swollen. Cellular swelling is consistent

with oncosis, which typically results in lysis. However, there

was little evidence that cytolysis occurred in brain tissue at

any time point examined.

3.4. Venom-Induced Morphological and Ultrastructural Chan-

ges in Fat Body. Light microscopic examination of fat body

sections stained with toluidine blue revealed no obvious

morphological changes in these tissues at any time point

up to 24 h postenvenomation (Ligure4). All fat body cells
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Figure 5: Ultrastructure of fat body from young pharate adults of S. bullata following envenomation by N. vitripennis. At 0 h, numerous

lipid droplets (LD) of varying sizes and densities were evident throughout the cytoplasm. Large, prominent nuclei (Nu) were also typical of

fat body cells. By 24 h posttreatment, fat body cells from controls and envenomated hosts appeared nearly identical: numerous lipid droplets

were present, yet few inclusions appeared in the cytoplasm of either cell type.

displayed a large, centrally located nucleus, several promi-

nent vacuoles, and the presence of lipid droplets distributed

throughout the cytosol (Figure 4). Similarly, transmission

electron micrographs revealed nearly indistinguishable ultra-

structure of nuclei, vacuoles, and lipid droplets in fat

body excised from unparasitized and envenomated pharate

adult of S. bullata at all time intervals examined up to

24 h (Figure 5 only shows 0 and 24 h). There was also no

morphological or ultrastructural evidence for induction of

apoptosis or any other form of cell death in fat body cells

following envenomation by N. vitripennis (Figure 5).

4. Discussion

Parasitic wasp venoms contain a wealth of regulatory agents

that are capable of modifying growth and development of

host insects to suit the needs of the parasitoids progeny

[8, 10]. Despite increasing efforts to characterize wasp

venoms, including cloning and sequencing of some venom
proteins [18, 28-30], very little has been revealed regarding

the mechanism of action of any of these venoms [5]. Venom
from N. vitripennis has been the subject of several recent

modes of action studies [16, 31, 32], yet insufficient infor-

mation is available to determine precisely which tissues are

targeted in the fly host and how those tissues are injured to

alter normal functions. Venom assays exploiting pupariation,

extrication, and posteclosion behaviors of a preferred host

5. bullata suggest that N. vitripennis venom alters neurons of

the central nervous system (CNS) presumed to reside within

the brain [33, 34]. However, the stages of host development

(larval and imago) used in those studies are not attacked

in nature by adult females of N. vitripennis, so implication

of the brain as a target of venom based on these behavioral

assays is circumstantial at best. This study has provided the

first evidence that venom from N. vitripennis directly targets

the brain in natural hosts. The fact that neurons in brain

tissue displayed susceptibility to wasp venom, that the onset

of significant cell death in neuronal tissue did not occur until

several hours after envenomation, and that the predominant

form of cell death induced by venom was apoptosis argues

that N. vitripennis venom targets specific regions of the brain

to manipulate, rather than kill, the host. These observations

are also consistent with our recent findings that show in vitro

this venom induces multiple forms of cell death and that the

dominant mechanism of death triggered by N. vitripennis is

apoptosis [17].

The dominant host response to envenomation by N. vit-

ripennis is in fact not death, but instead, the induction of

a developmental arrest [11, 14]. The halt in fly develop-

ment begins a dynamic set of changes in fly physiology

characterized by a suppression of respiratory metabolism

[12], elevations in lipid synthesis [12, 13], depression of

immune responses [35], and altered protein expression [15].

Disrupted protein expression has been detected in several

host tissues, but changes in brain heat shock protein (hsp)

synthesis appear to be some of the most dramatic deviations
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from “normal” protein expression. The function of hsps

during parasitism has yet to be deciphered, but these proteins

may be required to arrest host development via apoptotic

pathways [4, 36]. Evidence from Drosophila melanogaster

indicates that expression of hsp70 during nonstress condi-

tions leads to slowed development [37] and the cell cycle in

cultured cells from D. melanogaster can be arrested in the

presence of small hsps [38]. Further investigation is needed

to elucidate whether venom-mediated apoptosis in brain

tissues and/or altered hsp expression are keys to induc-

tion and/or maintenance of developmental arrest following

venom injection by AT. vitripennis.

The injured neurons in flies envenomated by AT. vitripen-

nis appeared morphologically identical to brain neurons in

adult D. melanogaster exposed to either high-LET krypton or

argon ions [39, 40]. In the case of irradiated flies, the swollen

cells eventually lysed and fragmented, whereas there was little

evidence of lysis in brain tissue of S. bullata. Similarly, both

radiation treatment and envenomation initially displayed

no little impact on neuroglia [40]. However, in contrast to

D. melanogaster [40], neurons in envenomated S. bullata

displayed convoluted nuclear membranes with condensed

heterochromatin by 6h postenvenomation, and, by 24 h,

these cells were enlarged due to swelling. The differences

evoked by these two types of toxic insults, high energy radi-

ation, and envenomation may be consistent with the earlier

prediction of Rinehart et al. [15] that though venom from

N. vitripennis injures cells of the host, it does not appear to

turn on a typical general stress response in the host [41].

Instead, venom appears to be targeting specific cells in brain

tissue of the host to induce developmental arrest and redirect

the physiology of the fly for the benefit of its progeny.

The morphology and ultrastructure of fat body tissue did

not appear to be affected by wasp envenomation, at least not

during the first 24 h following parasitoid attack. This was

unexpected since earlier studies have shown sharp elevations

in hemolymph and fat body lipid levels in S. bullata following

parasitism, envenomation, and artificial venom injections

[12, 13]. Ifvenom elicits de novo synthesis of lipid in host fat

body, then increased lipid droplet content would be expected

in envenomated hosts. However, there were no differences

between unparasitized and envenomated fat body detected

by light microscopy or transmission electron microscopy.

Alternatively, venom may function to liberate accumulated

lipids from fat body by inducing cell death, such as occurs

with Meteorus pulchricornis and Cotesia kariyai [42, 43].

Indeed, lipases and hydrolases have been identified in venom
by genomic mining and proteomic analyses [10, 18], and

these enzymes have been predicted to function in fat body

digestion [8, 10]. However, there was no evidence in this

study that venom from N. vitripennis induced cell death in

fat body cells. This suggests that either the cellular events

associated with venom-induced elevations in host lipids

occur later than 24 h postenvenomation or that the primary

changes in host lipids are independent of fat body tissues.
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Eleven inbred silkworm lines (M-101, M-103, M-104, M-107, Pak-1, Pak-3, Pak-2, Pak-4, PFI-1, PFI-2, and S-l) were evaluated for

various parameters ofcocoon production under different temperature and relative humidity conditions (25 ± 1, 30± 1, and 35± 1 °C

in combination with 55, 65, and 75% RH for three hrs during 4th and 5th instar. The experiment was laid out in factorial design

with three replications. Significant variations in the performance of silkworm lines were noticed due to influence of temperature

and RH treatment on 4th and 5th instar larvae. The silkworm lines performed significantly better when the larvae were reared

at 25 ± 1 °C with 70-80% RH while almost all the silkworm lines showed poor performance at higher temperature exposures for

3 hrs. Exposures to lower humidity (55%) during larval rearing in 4th and 5th instar at different temperatures (25 ± 1, 30 ± 1, and

35 ± 1 °C) resulted in lowering the cocoon production. The cumulative evaluation index values for different traits showed that Pak-

4 (61.42) was the best line followed by M-101 (59.15), Pak-2 (56.37), Pak-3 (52.83) PFI-I (52.62), and M-107(50.03). The study

clearly underlines the importance of optimization of environmental conditions during larval rearing in relation to commercial

cocoon production. The investigations strongly recommend that temperature and relative humidity in the range of 25-26 °C and

70-80%, respectively, are mandatory for excellent results of cocoon production and Pak-4, M-101, Pak-2, Pak-3, PFI-I, and M-107

were suitable for commercial rearing.

1. Introduction

Silkworm is one of the most important animals which pro-

duces silk thread in the form of cocoon by consuming

mulberry leaves during larval period. The growth and

development of silkworm is greatly influenced by environ-

mental conditions [1]. The biological as well as cocoon-

related characters are influenced by ambient temperature,

rearing seasons, and genetic constitution of silkworm strains

[2]. Different seasons affect the performance of Bombyx
mori L. [3]. The seasonal differences in the environmental

components considerably affect the genotypic expression

in the form of phenotypic output such as cocoon weight,

shell weight, and cocoon shell ratio [4], The variations in

the environmental conditions during last decade emphasizes

manipulation of the temperature and relative humidity for

sustainable cocoon production [5]. Rearing conditions

affects growth and development of larvae and cocoon pro-

duction [6].

Many of the silkworm characters are not only controlled

by genes but are also influenced by environmental factors

such as temperature and relative humidity. High temperature

affects nearly all biological processes including the rates of

biochemical and physiological reactions [7, 8] ultimately

affecting the quality and quantity of cocoon crops. Several

researchers [1, 9] reported that the silkworm larvae are
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sensitive to high temperature (above 25 ± 1°C) during 4th

and 5th instars and lower or higher levels of RH affect the

growth and development of silkworm larvae. Some strains

of silkworm due to consistent domestication have become

highly sensitive to variations in environmental conditions,

especially seasonal variations in temperature and humidity

in tropical parts of the subcontinent [5, 10]. Environmental

stress during silkworm rearing adversely affects growth and

development and impairs the production of good quality

silk seed with resistance to diseases and ability to withstand

high temperature and humidity [11]. Perusal of literature

reveals that little work has been carried out on the effect

of temperature and relative humidity fluctuations on the

cocoon production of silkworm lines in Pakistan. The

present study, therefore, was conducted to find out the effect

of variations in temperature and humidity during rearing on

silkworm egg production and egg fertility ofthe silkworm, B.

mori. The study would be helpful in popularizing sericulture

in farming community.

2. Materials and Methods

Table 1: Temperature and relative humidity regimes during 4th and

5th instar larval rearing of silkworm, Bornbyx mori L.

Treatments Temperature (°C) for 3hrs Relative humidity (%)

To
Standard rearing temperature

(25 ± 1°C)
Standard RH (70-80%)

Ti 25 ± 1 55

t2 25 ± 1 65

t3 25 ± 1 75

t4 30 ± 1 55

t5 30 ± 1 65

t6 30 ± 1 75

t7 35 ± 1 55

t8 35 ± 1 65

t9 35 ± 1 75

Cocoon Weight (g)

Wt. of 5 male cocoons (g) + Wt. of 5 female cocoons (g)

10

The larvae of eleven silkworm lines (M-101, M-103, M-104,

M-107, Pak-1, Pak-2, Pak-3, Pak-4, PFI-I, PFI-II, and S-l)

were reared at Sericulture Research Laboratory, Lahore

during autumn and spring seasons in 2007-2008. The eggs

were incubated at optimum conditions of temperature,

relative humidity, and light/darkness ratio ( 12 hr : 12 hr). The

eggs were spread on sheets in single layer to ensure uniform

conditions for all the eggs and at pin head stage complete

darkness was provided (black boxed) to ensure uniform

hatching. The rearing rooms and all the appliances were

washed, cleaned, and disinfected by using standard methods

following [12]. The young larvae (1st to 3rd instars) were

reared at 27-28°C with 85 to 90% RH. In each replication,

300 larvae were retained during 1st to 3rd instar. The larvae

were served with four to five feedings at an interval of 5 hours

starting at 0800 PST. At the end of each instar bed cleaning

nets were used to pick up the larvae and replace their bed.

The larvae were reared under standard rearing conditions

[13]

. At the beginning of 4th instar, 50 larvae were counted

from each replication and retained for further studies in each

replication. The 4th and 5th instar larvae were subjected to

the following treatments as shown in Table 1

.

On 5th day of the 5th instar, ripe larvae were collected

manually and transferred to mountages for cocooning. The

cocoons were made within 72hrs of mounting and seed

cocoons were harvested on eighth day of spinning. Cocoons

were preserved at 25 ± 1°C and 75 ± 5% RH. The data on

various parameters were collected by following Rao et al.

[14]

.

x 100 .

(1)

2.2.

Cocoon Shell Weight (g). The average weight (g) of 5

male and 5 female cocoon shells (g) of the same cocoons

after removing pupa was taken randomly for the calculation

of cocoon weight from all the replication in a treatment for a

given silk worm line

Shell Weight (g)

Wt. of (5 male + 5 female) cocoons (g) without pupa
~

10

X 100.

(2)

2.3.

Cocoon Shell Ratio (%). It is the total content of shell

available in the cocoons. It is the average ratio of 5 male and

5 female cocoon shells (g) of the same cocoons to the total

cocoon weight and assessed in percentage

Cocoon weight (g)

Cocoon Shell Weight

Cocoon Weight
X 100.

(3)

2.4.

Filament Length (m). The length of unwound silk

filament from the cocoon was measured by reeling three

cocoons from each treatment for each line and the average in

meters was taken as the filament length for a given silk worm
line

2.1. Cocoon Weight (g). The average weight (g) of 5 male and

5 female cocoons was taken randomly on 6th day after onset

of spinning from all the replication in a treatment for a given

silk worm line.

Filament length (m)

Length of raw silk X average number of reeled cocoons

Number of reeling cocoons

(4)
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2.5.

Cocoon Yield (kg/10,000 Larvae). It is the total weight of

live cocoons expressed in kilograms for unit number oflarvae

retained after 3rd moult. The weight of all live cocoons was

divided by total number of live cocoons in all replications to

get average weight of cocoon for a given silk worm line

Cocoon Yield

Average wt. of cocoon (kg) X No. of live cocoons obtained

larvae retained after 3rd instar (50)

X 100.

(5)

2.6. Statistical Analysis. The experiment was laid out in

Completely Randomized Design (Factorial) with three repli-

cations. Data on various parameters (Cocoon Weight, Shell

Weight, Shell Ratio, Cocoon Yield, and Filament Length)

studied were analyzed using MSTATC statistical package.

Duncans Multiple Range Test (DMRT) was used for mean
comparison. The analysis ofthe data was carried out to assess

the effect of treatments by following Steel and Torrie
[ 15]

.

2.7. Evaluation Index Method (El). The performance of

inbred silkworm lines was evaluated by Evaluation index

value (El) for silkworm breed performance was calculated by

following Mano et al. [16]

Evaluation Index (El) = ^ ^
X 10 + 50, (6)

L/

where A is mean value of the trait concerned; B is overall

mean of particular trait; C is standard deviation; 50 is

constant.

3. Results and Discussion

Silkworm lines

To T2

T, T3

Figure 1: Comparative performance ofcocoon weight (mean ± SE)

of eleven silkworm lines at 25 ± 1°C in combination with 55, 65,

and 75% RH and controlled conditions of temperature and RH (25

± 1°C and 70-80%, resp.).
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The data collected on various parameters have been analyzed

and results have been presented in Figures 1-15.

3.1. Cocoon Weight (g). The data obtained on cocoon weight

revealed significant variations among silkworm lines (Eio,

440 = 11844.85, P < 0.05), different treatments (T9, 440 =

2689.55, P < 0.05), and interaction between silkworm lines

and treatments (T90, 440 = 90.586, P < 0.05). The highest

cocoon weight (1.589 g) was recorded at To (25 ± 1°C and

75% RH) while the lowest (1.519 g) at T7 (35 ± 1°C and 55%
RH). Similarly, at 25 ± 1°C in combination with all three

humidity levels (55, 65 and 75%), the highest average cocoon

weight was observed (1.575 g) and average cocoon weight

(1.558 g) observed at 30 ± 1°C while cocoon weight at 35 ±
1°C under different conditions of relative humidity showed

lowest average cocoon weight (1.538 g). The comparison of

mean values of cocoon weight obtained from eleven inbred

silkworm lines presented in Figure 1 revealed that higher

cocoon weight was recorded in Pak-2 (1.643), Pak-3 (1.635),

Pak-4 (1.632), Pak-1 (1.628), and M- 107 (1.626) when larvae

were reared at 25 ± 1°C and 70-80% RH.

Figure 2: Comparative performance ofcocoon weight (mean ± SE)

eleven silkworm lines at 30 ± 1°C in combination with 55, 65, and

75% RH and controlled conditions of temperature and RH (25 ±

1°C and 70-80%, resp.).

It was noticed that most of the silkworm lines performed

relatively better at 25 ± 1°C at all three combinations of

RH (55, 65 and 75%). However, it was evident from the

data presented in Figure 1 that changes in RH at a given

temperature (25 ± 1°C) for even a shorter period of time

resulted in lower cocoon weight.

The data shown in Figure 2 clearly indicated that expo-

sure ofsilkworm larvae to changes in temperature (30 ± 1°C)

for three hrs resulted in lower cocoon weight as compared

to controlled conditions of temperature and humidity (25

± 1°C and 70-80% RH). The data also presented that

Pak-3, Pak-2, Pak-4, and M-107 showed relatively higher

cocoon weight at all three RH levels (55, 65 and 75%). The

comparative performance of silkworm lines at 35 ± 1°C in

combination with three RH levels (55, 65 and 75%) for three

hrs in addition to rearing of silkworm larvae at standard
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Figure 3: Comparative performance ofcocoon weight (mean ± SE)

eleven silkworm lines at 35 ± 1°C in combination with 55, 65, and

75% RH and controlled conditions of temperature and RH (25 ±

1°C and 70-80%, resp.).

Figure 4: Comparative performance of cocoon shell weight of

(mean ± SE) eleven silkworm lines at 25 ± 1°C in combination with

5, 65, and 75% RH and controlled conditions of temperature and

RH (25 ± 1°C and 70-80%, resp.).

conditions of temperature and humidity has been presented

in Figure 3 that showed lower cocoon weight by almost all

silkworm lines. However, Pak-4, Pak-2 and M-107 showed

comparatively better performance at all three RH levels at 35

± 1°C. It was also observed that the increase in temperature

from control (25 ± 1°C) during 4th and 5th larval instar

influence the spinning of the larvae which resulted in lower

cocoon weight. The data showed that greater variations in

cocoon weight of various silkworm lines have been recorded

at 30 ± 1°C in all three RH levels (55, 65 and 75%). It

was also evident from data that higher cocoon weight was

observed when the RH was 75% in addition to controlled

conditions rearing as compared to 55 and 65% RH. Silkworm

lines Pak-3, Pak-2, M-101, PFI-I, and M-107 showed the

best performance for cocoon yield. The analysis of data also

showed that effect of seasons during larval rearing on cocoon

weight was significant (iq, 440 = 10.743, P < 0.05). However,

interaction between treatments X season (F9 , 440 = 0.328, P
> 0.05), line x season (Fi 0 ,

440 = 0.630, P > 0.05), and line

X treatments X season (F90 ,
440 = 0.275, P > 0.05) were not

statistically significant.

The performance of inbred silkworm lines clearly indi-

cated the role of their origin and genetic diversity on cocoon

output for seed purposes. Higher cocoon weight of Pak-3,

Pak-4, and PFI-I prove commercial superiority of these lines.

The study infers the need of conservations of these lines and

their utilization in hybrid seed production. The reproductive

performance of silkworm varies with impertinent climatic

factors in addition to physiological status of the parent. The

commercial viability ofsilkworm is dependent on correlation

between cocoons, moths, and reproductive potential of the

strains. The cocoon weight and reproductive characters were

greatly influenced by different temperature regimes. Singh

et al. [17] concluded that temperature and humidity are

key environmental factors which influence the physiology of

insects. Cocoon weight varied due to different treatments

of temperature and humidity. Kumar et al. [18] noticed

the deleterious effect of adverse temperature and humidity

0.4 n
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Figure 5: Comparative performance of cocoon shell weight (mean

± SE) eleven silkworm lines at 30 ± 1°C in combination with 55,

65, and 75% RH and controlled conditions of temperature and RH
(25 ± 1°C and 70-80%, resp.).

on various aspects of cocoon including cocoon shape, size,

and weight. The variations in relative humidity during late

larval stages and spinning affects cocoon weight, cocoon shell

weight, filament length, and raw silk percentage adversely

qualitatively as well as quantitatively [19]. Wu [20] pointed

out that RH and air flow during larval mounting and

spinning has greater influence on cocoon formation than

other ecological factors maintained during mounting.

3.2. Cocoon Shell Weight (g). The analysis of data indicated

that cocoon shell weight of silkworm lines was significantly

different (ifio, 440 = 316.98, P < 0.05) and it was also

found that treatments affected larvae significantly (F9 , 440

= 277.44, P < 0.05) during rearing, contributing in varia-

tions in cocoon shell weight. The analysis of data showed

that interaction of silkworm lines between treatments of
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Figure 6: Comparative performance of cocoon shell weight (mean

± SE) of eleven silkworm lines at 25 ± 1°C in combination with 55,

65, and 75% RH and controlled conditions of temperature and RH
(25 ± 1°C and 70-80%, resp.).

temperature and RH were significantly different (

T

9 ,
440 =

3.696, P < 0.05). The results showed that cocoon shell weight

was variable under different set environmental conditions

experienced by larvae during 4th and 5th instar. Maximum
cocoon shell weight (0.312 g) was recorded in To (25 ± 1°C

and 75% RH) while minimum cocoon shell weight (0.266 g)

was presented by T7 (35 ± 1°C and 55% RH). At 25 ±
1°C with all three humidity levels (55, 65 and 75%), the

highest average cocoon shell weight (0.302 g), at 30 ± 1°C

shell weight recovered was 0.286 g while at 35 ± 1°C lowest

average cocoon shell weight (0.271 g) was recorded.

The mean values of cocoon shell weight obtained from

cocoons of eleven inbred silkworm lines presented in Figures

4-6 which showed that better cocoon shell weight was

recorded in To (25 ± 1°C and 70-80% RH) by Pak-2 (0.329),

Pak-3 (0.326), Pak-4 (0.326), Pak-1 (0.323), and M-107

(0.322). It was observed that the silkworm lines performed

comparatively better when exposed to 25 ± 1°C at all three

RH levels (55, 65 and 75%) instead of 30 ± 1°C and 35 ± 1°C

for three hrs during 4th and 5th instar. However, it was clear

from the results presented in Figure 4 that the variations in

RH at 25 ± 1
0C for even a briefperiod oftime results in lower

cocoon shell weight. The data given in Figure 5 depicted that

exposure of silkworm larvae to relatively higher temperature

(30 ± 1°C) for three hrs resulted in poor cocoon shell weight

as compared to control (25 ± 1°C). The data also indicated

that Pak-3, Pak-2, Pak-4, and M-107 showed relatively higher

cocoon shell weight at 75% RH levels as compared to 55

and 65% RH. The comparative performance of silkworm

lines at 35 ± 1°C in combination with 55, 65, and 75% RH
for three hrs in addition to rearing of silkworm larvae at

standard conditions of temperature and humidity (25 ± 1°C

and 70-80% RH, resp.) has been presented in Figure 6 which

showed that lower cocoon shell weight was noticed in almost

all silkworm lines.

However, Pak-4, Pak-2, and M-107 showed compara-

tively better performance at various levels of RH at 35 ±
1°C. It was also observed that with the shift in temperature

from control (25 ± 1°C) to higher (35 ± 1°C) during 4th

and 5th larval instar influenced the spinning of the larvae

yielding lower cocoon shell weight. The highest cocoon shell

weight (g) was found in control (25 ± 1°C and 70-80%

RH). The results also indicated that rearing of larvae at 25

± 1°C with various humidity levels (75, 65, and 55% RH)
resulted in higher cocoon shell weight was recovered at 75%
RH; however, it was not significantly different in most of the

eleven silkworm lines. It was observed that the performance

of silkworm lines for cocoon shell weight was variable under

different rearing conditions.

The analysis of data on cocoon shell weight showed that

influence of season was not significantly different (Ti, 440 =

0.292, P > 0.05), interaction between treatments X season

(T9, 440 = 1.541, P > 0.05), line X season (T10, 440 = 0.793, P
> 0.05) and line X treatments X season (T90, 440 = 0.947, P >

0.05) were statistically not significant. The results exhibited

that silkworm cocoon shell weight obtained from cocoon

produced by various silkworm lines have been influenced by

variations in temperature and relative humidity during larval

rearing. These results were in confirmation with those of

Falconer [21] who elaborated that recorded better results by

making selection from the area of exploitation and expressed

that selection pressure on certain character correlated with

other quantitative traits of economic importance [22]. Zhao

et al. [23] reported that transformation of larvae into pupae

and adult depends heavily on shell weight which is greatly

influenced by environmental conditions during different

stages of silkworm larvae.

3.3. Cocoon Shell Ratio (%). The data obtained on cocoon

shell ratio subjected to statistical analysis which indicated

that cocoon shell ratio shown by silkworm lines was

significantly different (F\o ,
440 = 2231.87, P < 0.05) and

it was also found that treatments affected the performance

of silkworm larvae significantly (T9 ,
440 = 2583.66, P <

0.05) during rearing which contributed in variations in

cocoon shell ratio. The analysis of data on cocoon shell

ratio showed that interaction between silkworm lines and

treatments (temperature and RH) was significant (T9 ,
440

= 51.084, P < 0.05). The overall pattern of cocoon shell

ratio was significantly variable between the treatments with

maximum (19.65%) in T0 (25 ± 1°C and 75% RH) while

lowest (17.52%) was observed in T7 (35 ± 1°C and 55%
RH). The average cocoon shell ratio (19.23) at 25 ± 1°C

followed by 18.52 percent at 30 ± 1°C and 17.78 percent at

35 ± 1°C in combination with 55, 65, and 75% RH. The

data regarding cocoon shell ratio during spring 2007 and

autumn 2008 envisaged that cocoon shell ratio was affected

significantly by various treatments of temperature and RH.

Maximum cocoon shell ratio was obtained from silkworm

larvae reared at controlled conditions of temperature and

humidity (To: 25±1°C and 70-80% RH) as compared to

all other combinations of temperature and RH. Maximum
cocoon shell ratio (%) was recorded in Pak-2 (20.03)

followed by Pak-4 (19.99), PFI-1 (19.97), and Pak-3 (19.92)

which was statistically insignificant with each other but

significantly different from M-104 (18.84) and S-l (18.82).

Overall performance of silkworm lines M-101, M-103, M-
107, Pak-2, and Pak-4 was significantly better than all other
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Figure 7: Comparative performance of cocoon shell ratio (mean ±
SE) of eleven silkworm lines at 25 ± 1°C in combination with 55,

65, and 75% RFI and controlled conditions of temperature and RH
(25 ± 1°C and 70-80%, resp.).
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Figure 8: Comparative performance of cocoon shell ratio (mean ±
SE) of eleven silkworm lines at 30 ± 1°C in combination with 55,

65, and 75% RFI and controlled conditions of temperature and RH
(25 ± 1°C and 70-80%, resp.).

silkworm lines at 25 ± 1°C in combination with 55, 65,

and 75% RFI (Figure 7). The highest cocoon shell ratio at

30 ± 1°C was noticed in Pak-2 (19.58) followed by Pak-

4 (19.31) which were statistically significant with all other

silkworm lines but insignificant with each other at 55%
RH. However, comparatively better performance ofsilkworm

lines was noticed at 75% RH as compared to other two levels

at 30 ± 1°C.

It was also observed that the performance of silkworm

lines for cocoon shell ratios of M-107, Pak-1, Pak-2, Pak-

3, Pak-4, and PFI-I was not significantly different at 75%
RH (Figure 8). The comparative performance of silkworm

lines at 35 ± 1°C showed that higher cocoon shell ratio was

harvested at 75% RH followed by 65% RH and lowest at 55%
RH in almost all the silkworm lines utilized in the study. The

mean values of cocoon shell ratio clearly depicted the rearing

of silkworm lines at 35 ± 1°C during 4th and 5th instar

larvae at different RH levels in comparison with standard

conditions of temperature and humidity (Figure 9). The

lower mean values of cocoon shell ratio (%) were obtained

when larvae were exposed to 55% RH in almost all the

silkworm lines. However, significantly better performance of

Pak-4 (19.07) and Pak-2 (18.85) from all other was noticed

at 55% RH.

The weight of five cocoons was measured and after

removing the pupae shell weight was obtained and then the

average cocoon shell ratio was calculated for each silkworm

line. Rearing of silkworm larvae at controlled conditions

of temperature and humidity substantially influenced the

cocoon shell ratio. However, the significant differences in

cocoon shell ratio between the larvae reared at control (25

± 1°C and 70-80% RH) and 25 ± 1, 30 ± 1, and 35 ±
1°C and with all three humidity levels (55, 65, and 75%
RH) were noticed (P > 0.05). The silkworm larvae during

4th and 5th instar need relatively lower temperature and

fluctuations in temperature up to certain limits favor growth

and development process of silkworm.

The analysis of data on cocoon shell ratio also showed

that effect of seasons during larval rearing on cocoon weight

Figure 9: Comparative performance of cocoon shell ratio (mean ±

SE) of eleven silkworm lines at 25 ± 1°C in combination with 55,

65, and 75% RH and controlled conditions of temperature and RH
(25 ± 1°C and 70-80%, resp.).

was significant (Pi, 440 = 8.745, P < 0.05). However,

interaction between treatments X season (P9 ,
440 = 3.259,

P < 0.05), line x season (Pi0 ,
440 = 0.829, P < 0.05) was

significant but line X treatments X season (P90 ,
440 = 0.444,

P > 0.05) was not statistically significant. The recommended
humidity levels during various instars ranges from 85-70%

with lowest in the final instar [17]. Kumar et al. [24]

concluded that higher levels of humidity and temperature

during various stages of life cycle of silkworm resulted in

poor performance of pure races, foundation crosses, and

hybrids for cocoon size and shape. The cocoon formation

process is greatly influenced by fluctuating conditions of

environment, particularly temperature and humidity [25].

The influences ofambient temperature and relative humidity

were investigated during larval rearing on cocoon shell ratio.

It was noticed that average cocoon shell ratio of a single

cocoon was significantly less in almost all silkworm lines

as compared to other treatments of temperature and RH.

Gowda and Reddy [19] concluded that the adverse effect
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Figure 10: Comparative performance of cocoon yield (mean ± SE)

of eleven silkworm lines at 25 ± 1°C in combination with 55, 65,

and 75% RH and controlled conditions of temperature and RH (25

± 1°C and 70-80% RH, resp.).

of high temperature and high RH was relatively higher

on rearing and spinning of silkworm larvae than lower

temperature.

3.4. Filament Length (m). The data obtained on cocoon shell

ratio subjected to statistical analysis which indicated that

filament length shown by silkworm lines was significantly

different (Fio, 440 = 461.06, P < 0.05). It was also observed

that effect of treatments (temperature and RH) was signifi-

cant (T9, 440 = 800.150, P < 0.05) in determining the filament

length. The analysis of data on filament length indicated

that interaction between silkworm lines and treatments of

temperature and RH was not significantly different (T90,

440 = 4.622, P > 0.05). Average filament length differences

under different temperature and RH (Figures 10, 11, and

12) indicated that higher filament length was recovered at

25 ± 1°C with 70-80% RH followed by 25 ± 1°C with

75% RH, 25 ± 1°C with 65% RH and 25 ± 1°C with

55% RH as compared to exposures of 4th and 5th instar

larvae to variable temperature and humidity regimes (30

± 1°C & 35 ± 1°C; in combination with 55, 65 and 75%
RH). Maximum filament length (m) was shown by Pak-

4 (716) followed by Pak-2 (713) and M-101(709) which

were significantly different from filament length recovered

from all other silkworm lines. It was obvious from data

that exposures to higher temperature (above 25 ± 1°C)

and relative humidity for a certain period of time (03 hrs)

resulted in lowering filament length recovery. The data

clearly depicted that rearing of silkworm larvae at standard

controlled conditions of temperature and humidity (25 ±

1°C and 70-80% RH) throughout the larval period resulted

in higher filament length as compared to rearing of 4th and

5th instar larvae at variable temperature and RH conditions

(25 ± 1°C, 30 ± 1°C & 35 ± 1°C in combination with 55, 65

and 75%, resp.).

Longest filament length (682.43 m) was recorded in To

(25 ± 1°C and 75 ± 5% RH) and shortest (593.3 m)
was observed in T7 (35 ± 1°C and 50 ± 5% RH). The

performance of silkworm lines when exposed to 25 ± 1°C

To

r4

Silkworm lines

t5

T6

Figure 11: Comparative performance of cocoon yield (mean ± SE)

of eleven silkworm lines at 30 ± 1°C in combination with 55, 65,

and 75% RH and controlled conditions of temperature and RH (25

± 1°C and 70-80% RH, resp.).

To

T7

Silkworm lines

n
t9

Figure 12: Comparative performance of cocoon yield (mean ± SE)

of eleven silkworm lines at 35 ± 1°C in combination with 55, 65,

and 75% RH and controlled conditions of temperature and RH (25

± 1°C and 70-80%, resp.).

showed that the average filament obtained was 646.69 m
while at 30 ± 1°C the mean filament length recorded was

634m and 600.38 m at 35 ± 1°C with various combinations

of relative humidity. Silkworm lines Pak-4, M-101, Pak-

3, Pak-2 and PFI-I showed the better performance when
comparing filament length attained by exposing 4th and

5th instar larvae to various combinations of temperature

and humidity (Figures 10-12). However, higher values of

filament length were achieved in control (To: 25 ± 1°C and

75 ± 5% RH) by Pak-4, Pak-2, and M-101 contrary to the

other silkworm lines used in the study, especially S-l, PFI-II,

M-104, and Pak-1.

The mean values of filament length obtained from eleven

inbred silkworm lines under different conditions during

4th and 5th instar larval rearing correspond to significant

differences within a treatment. However, level of variations

differed with each silkworm line under certain treatment
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Figure 13: Comparative performance of filament length (mean ±
SE) of eleven silkworm lines at 25 ± 1°C in combination with 55,

65, and 75% RFI and controlled conditions of temperature and RH
(25 ± 1°C and 70-80% RH, resp.).
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Figure 14: Comparative performance of filament length (mean ±

SE) of eleven silkworm lines at 30 ± 1°C in combination with 55,

65, and 75% RH and controlled conditions of temperature and RH
(25 ± 1°C and 70-80%, resp.).

(temperature and humidity) with higher values in Pak-4,

M-101, Pak-2, and PFI-I and those relatively lower in S-l,

M-104, and PFI-II (Figure 12). The analysis of data showed

that influence of season during larval rearing on filament

length was not significantly different (Pi, 440 = 1.852, P
> 0.05), interaction between treatments X season (T9 ,

440

= 1.173, P > 0.05), line X season (Pi 0 , 440 = 0.156, P >

0.05), and line X treatments X season (F90 ,
440 = 0.484, P >

0.05) were statistically not significant. These findings showed

confirmation of earlier works carried out by Benchamin

et al. [26] and Tazima [27] who observed similar results

in their studies on the effect of temperature and humidity

on the growth and development of silkworm races. Several

reports [9, 28, 29] demonstrated that silkworms were more

sensitive to high temperature during 4th and 5th stages and

hence were recommended for the recognition and selection

of thermotolerant silkworm breeds, under high temperature

conditions.

Figure 15: Comparative performance of filament length (mean ±

SE) of eleven silkworm lines at 35 ± 1°C in combination with 55,

65, and 75% RH and controlled conditions of temperature and RH
(25 ± 1°C and 70-80%, resp.).

3.5. Cocoon Yield (kg per 10,000 Larvae). The data on

cocoon yield (kg/ 10,000 larvae) obtained from eleven inbred

silkworm lines has been presented in Figures 13-15 which

pointed out that cocoon yield was significantly higher when
the larvae reared at standard conditions of temperature and

RH throughout larval period. The significant differences

among the treatments (T9 , 440 = 497.28, P < 0.05), silkworm

lines (Pio, 440 = 102.113, P < 0.05), and interaction between

treatments and silkworm lines (P9o, 440 = 3.145, P < 0.05)

were observed for cocoon yield.

Maximum cocoon yield was shown by Pak-2 (14.37),

Pak-3 (14.21), Pak-4 (13.58), Pak-1 (13.70), M-107 (13.94),

and PFI-1 (13.29). The variation on temperature and

humidity affected the cocoon yield ofalmost all the silkworm

lines. Maximum cocoon yield (15.06 kg/10,000 larvae) was

found at 25 ± 1 °C and 75% RH (To); the highest average

cocoon yield (14.46 kg/ 10,000 larvae) was observed at 25 ±
1°C with 55, 65, and 75% RH followed by 25 ± 1°C with

55, 65, and 75% RH which showed average cocoon yield of

13.32 kg/10,000 larvae and 12.02 kg/10,000 at 35 ± 1°C with

55, 65, and 75% RH. The best cocoon yield was observed in

the control (To) for all the inbred silkworm lines.

The highest average cocoon yield was observed in To

(15.06), followed by T3 (14.72), T2 (14.55), % (14.11), and

T4 (13.54). It was obvious from results (Figures 13-15) that

almost all the silkworm lines performed relatively better at 25

± 1°C in combination with all three levels ofRH (55, 65, and

75%) as compared to 30 ± 1°C and at 35 ± 1°C. However,

it was found that changes in RH at a given temperature (25

± 1°C, 30 ± 1°C, and 35 ± 1°C) even for a shorter period

of time resulted in lower cocoon yield. The data shown in

Figure 14 clearly indicated that exposure of silkworm larvae

to changes in temperature (30 ± 1°C) for three hrs resulted

in poor cocoon weight as compared to control. The data

also presents that Pak-3, Pak-2, Pak-4, and M-107 showed

relatively higher cocoon weight at all three RH levels (55, 65

and 75%). The comparative performance of silkworm lines
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Table 2: Estimation of evaluation index values for cocoon weight, shell weight, shell ratio, yield and filament length of eleven silkworm lines

reared at different conditions of temperature and RH.

c .n T . Cocoon weight
Silkworm Lines

. ,

0

(g)

Shell weight

(g)

Evaluation index values

Shell ratio Yield

(%) (Kg/ 10,000 larvae)

Filament Length

(m)

* Cumulative El

Value

Ranking of

silkworm lines

M-101 59.86 65.45 47.75 62.61 63.22 59.15 2

M-103 32.83 44.53 46.78 33.26 41.77 40.51 9

M-104 42.81 41.49 45.71 42.44 43.81 43.33 8

Pak-1 51.54 45.66 47.08 44.60 48.59 49.26 7

M-107 41.37 41.01 46.76 55.39 42.20 50.03 4

Pak-2 58.99 56.66 46.90 55.56 53.16 56.37 3

Pak-3 56.76 54.53 46.63 42.18 56.53 52.83 5

Pak-4 62.74 62.59 47.65 65.34 64.84 61.42 1

PFI-I 57.73 59.85 50.35 58.39 61.66 52.62 6

PFI-II 46.12 40.35 45.76 45.13 39.88 40.37 11

S-l 39.24 37.91 45.50 45.09 34.34 40.45 10

* The silkworm lines were ranked by establishing total cumulative indices.

at 35 ± 1°C in combination with three RH levels for three

hrs in addition to rearing of silkworm larvae at standard

conditions of temperature and humidity has been presented

(Figure 15) that showed lower cocoon weight noticed in

almost all silkworm lines. However, Pak-4, Pak-2, and M-
107 showed comparatively better performance at all three

RH levels at 35 ± 1°C. It was also observed that with the

increase in temperature from control (25 ± 1°C) during 4th

and 5th larval instar influenced the spinning of the larvae

yielding lower cocoon weight. The Performance of silkworm

lines at 25°C is better than the other two temperatures, that

is, 30° C and 35° C. However, it is evident from the data that

low humidity level in combination with various temperature

levels indicate the cocoon yield.

The relative humidity of 75% showed non significant

differences with the control. However, significant decline

in cocoon yield (kg/ 10,000 larvae) was observed when the

relative humidity was lowered from 75 to 55% RH. The

performance of inbred silkworm lines during autumn and

spring season is presented in Figure 9. The variations among
different silkworm lines were not significantly different. The

analysis of data also showed that effect of seasons during

larval rearing on cocoon yield was insignificant (Pi, 440 =

1.403, P > 0.05). However, interaction between treatments

X season (F9 ,
440 = 0.286, P > 0.05), line X season (Fi0 ,

440 = 1.340, P > 0.05) and line X treatments X season

(P90, 440 = 0.368, P > 0.05) were not statistically significant.

The comparative performance indicated that during spring

season cocoon yield was higher than autumn in almost all

the silkworm lines. The slight variation in the cocoon yield

may be due to notional affected during the two seasons

(autumn and spring) in the leaf contest. This indicated that

the rearing of the silkworm larvae under standard conditions

on humidity results in higher cocoon yield significant. Pak-

2, Pak-1, Pak-4 and M-107 showed higher cocoon yield with

non significant with each other. It was noticed that rearing

of temperature on 35°C was not suitable for the larvae as

the lower cocoon yield all the relative humidity levels at

35° C. Average cocoon yield was maximum Pak-2 followed

by Pak-3 and M-107. It was also observed that cocoon yield

that statically in significant M-101, M-104, PFI-II and S-

1. In commercial crop seasons (autumn and spring) the

quantitative traits are stressed due to congenial weather and

quality of feed.

The study infers the need of conservations of these

lines and their utilization in hybrid seed production. The

sericulture is practiced by poor farmers with little resources

which results in rearing larvae under prevailing conditions

of environment. In commercial crop seasons (autumn and

spring) the quantitative traits are stressed due to congenial

weather and quality of feed. Legay [30] found that cocoon

production is chiefly dependent on larval nutrition and

nutritive value of mulberry leaves and conversion efficiency

of larvae which is affected by weather conditions. Khawaja

[31] reared silkworm larvae during autumn and spring and

stated that higher temperature and humidity resulted in poor

growth and low quality cocoons.

The evaluation index method has been extensively used

by many researchers for the analysis of breeds [16, 32-35]

for the selection of suitable parents for utilization in various

breeding programmes as for obtaining superior silkworm

hybrids. The El value for the selection of silkworm lines was

50 or >50 for positive traits and 50 or <50 for negative traits

(larval mortality). The silkworm lines which registered in

previously mentioned range for positive and negative traits

were thought to be of greater economic importance. The

results of evaluation index method for various parameters

of eleven inbred silkworm lines have been shown in Table 2.

Evaluation Index (El) was employed for short listing of

silkworm lines by considering various economic traits. The

performance shown by eleven inbred silkworm lines for ten

traits, individual indices were calculated for each of the ten

traits (Table 2). The indices calculated from all the traits

under consideration in each silkworm line were combined
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to calculate cumulative El values for each line for each trait.

Out of eleven inbred silkworm lines reared during autumn
2007 and spring 2008, six lines scored (Pak-2 (56.37), Pak-

3 (52.83), Pak-4 (61.42), M-101 (59.15), M-107 (52.62) and

PFI-I (50.03)) cumulative El value greater than 50 while rest

of the silkworm lines were unable to obtain standard score of

50. Evaluation index method for breed selection enhances the

chances of silkworm strain selection on the basis of overall

performance for various traits ofeconomic significance [36]

.
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We describe a rearing protocol that allowed us to raise the threatened butterfly, Argynnis diana (Nymphalidae), while bypassing the

first instar overwintering diapause. We compared the survival of offspring reared under this protocol from field-collected A. diana

females from North Carolina, Georgia, and Tennessee. Larvae were reared in the lab on three phylogenetically distinct species of

Southern Appalachian violets ( Viola sororia, V. pubescens, and V. pedata). We assessed larval survival in A. diana to the last instar,

pupation, and adulthood. Males reared in captivity emerged significantly earlier than females. An ANOVA revealed no evidence of

host plant preference by A. diana toward three native violet species. We suggest that restoration ofA. diana habitat which promotes

a wide array of larval and adult host plants, is urgently needed to conserve this imperiled species into the future.

1. Introduction

The Diana fritillary, Argynnis (Speyeria) diana (Cramer

1775), is a threatened butterfly species that has been extir-

pated from large portions of its former distribution [1-5].

The subgenus Speyeria, now incorporated into the genus Arg-

ynnis [6], has been described as challenging to rear, primarily

due to the six- to nine- month overwintering period required

by first instar larvae. During winter diapause, tiny first instar

larvae are most vulnerable to environmental extremes such

as freezing temperatures, flooding, and fire [7]. Almost 140

years ago, Edwards noted the challenges of rearing the larvae

of Argynnis cybele (Fabricius 1775), A. aphrodite (Fabricius

1789), and A. diana [8]. Edwards obtained hundreds of A.

diana ova from 60 females captured outside of Coalburgh,

West Virginia, but none of the larvae survived to pupation

[8]. The first description of bypassing larval diapause in

Argynnis came nearly a century later from W.H. Evans’ notes

on rearing and breeding A. atlantis (Drury 1773) [9]. Evans

suggested the use of mechanical stimulation to encourage

feeding by “listless” A. atlantis larvae [9].

First instar Argynnis larvae are notorious for not surviv-

ing overwintering when reared in a lab, regardless of their

care and treatment [9]. To address this, Matoon et al. [10]

developed a rearing protocol that requires packing Argynnis

larvae in cold storage blocks and storing them under con-

trolled refrigerated conditions for the duration of their

overwintering period [10]. Scott [11] reared A. atlantis from

Colorado under a 24 h photoperiod and was able to stimulate

first instar larvae to feed on Viola nephrophylla leaves after a

shortened diapause period of several days to several weeks.

James [12] compared acceptance of V adunca, V glabella,

V. labradorica, and V tricolor by first instars of five Greater

Fritillaries from the Pacific Northwest, Argynnis. cybele leto,

A. coronis simaetha, A. zerene picta, A. egleis mcdunnoughi,

and A. hydaspe rhodope. Ours is the first study of host plant

acceptance and survival of an eastern Argynnis species.

Argynnis (Speyeria) diana is an eastern North American

fritillary species that is rare to uncommon across much of

its distribution in the southeastern United States (Figure 1).

Violets are the sole food plant used by Argynnis caterpillars;

however, specific associations or preferences for Viola spp.

have not been reported. In late fall, adult female A. diana will

each lay thousands of eggs singly on the forest floor near or

on Viola spp. First instar larvae eat their way out of the egg

casing, and immediately burrow into the litter layer of the

forest floor. There, they remain inactive through the winter

months. The following spring, first instar larvae emerge from

the litter layer to feed on violets, Viola spp., both nocturnally

and diurnally [13, 14].
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Figure 1: Argynnis diana male (top, orange and black) and female (bottom, blue and black) adults are sexually dimorphic and striking with

their bright coloration. Photos by Connie Wells.

2. Methods

We reared offspring of A. diana females collected from three

Southeastern field sites on three native Viola species: Viola

sororia (Willd), Viola pubescens (Aiton), and Viola pedata

(Linnaeus). There are approximately 80 species of Viola

native to North America, all of which are small herbaceous

plants producing five-petaled flowers with distinct petal

spurs
[ 15] . The three Viola species chosen for our experiment

are found throughout the geographic range of A. diana and

are easily distinguishable in appearance. These three species

represent independent phylogenetic branches within the

genus, Viola [16]. Violets were purchased and donated from

a native nursery near our study area and transplanted into

one-gallon buckets containing organic potting soil mixed

with worm castings and perlite. Plants were exposed to 12 h

photoperiod under 60 Watt grow bulbs at 72°C and watered

daily.

2.1. Butterfly Rearing. We captured eight A. diana females

from a field site in Henderson County, North Carolina in

late September 2007. Live females were placed in glassine

envelopes and held in a cooler for transport back to Clemson

University, Clemson, SC. Within six hours of capture, we
placed each female butterfly inside an individual paper bag

containing clippings of fresh Viola foliage from V sororia,

V. pubescens, or V pedata to trigger oviposition. We fed

female butterflies twice daily by saturating cotton balls with

a commercially available sports drink, Gatorade, containing

a combination of water, sugar, salt, carbohydrates, and

electrolytes. Ova were deposited daily on the inside surface

of the paper bags, so we transferred butterflies to fresh

paper bags every 24 h in order to collect and count ova

each day. Small pieces of paper bag containing ~10 to 50

ova were transferred to sterile petri dishes lined with 50 mm
Whatman filter paper. We misted ova daily with distilled

water to prevent desiccation and changed filter paper every

24-48 hrs to prevent accumulation of mold, which can be

detrimental to eggs and newly emerged larvae. We tallied

the total number of ova produced daily by each of the eight

North Carolina A. diana females. In addition to these ova,

colleagues kindly donated one hundred fifty A. diana ova

from three females captured in Carter County, Tennessee and

one hundred fifty ova from three females captured in Rabun
County, Georgia in late September 2007.

Upon hatching, we evenly divided 1st instar larvae from

each of our three field sites into petri dishes containing

one of the three native violet species (Figure 2(a)). In order

to bypass the six- to nine- month overwintering period, we
exposed all newly hatched larvae to continuous lighting, and

mechanically stimulated individual larvae 3 to 4 times daily

with a camel-hair brush to encourage feeding. Our lighting

system consisted of a 1.2 m fluorescent grow light fixture

holding two 40 Watt, 122 cm fluorescent tubes, set 0.4m
above the larvae and producing a constant temperature of

27° C. We misted growing larvae twice daily with distilled

water and provided fresh filter paper and fresh Viola

clippings each day to reduce infection from pathogens. Once

larvae reached the fifth instar, they were transferred to

individual 0.25 L clear pupation chambers (Figure 2(a)).

Once chrysalids formed, they were misted daily with distilled

water to prevent desiccation. Chrysalids were often observed

twitching and pulsing in response to the stimulation of

misting. Adult butterflies emerged in these containers.

Butterflies emerged in winter, and therefore could not be

released to their maternal field sites. Instead, butterflies were

killed by freezing after their wings had fully expanded and

dried to preserve them for future study.

3. Results

We were able to bypass first instar diapause with our rearing

protocol, reducing the 10-12-month life cycle of A. diana
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Table 1: Egg production and survival ofArgynnis diana females held in captivity for rearing and their progeny.

Butterfly ID

Total

number of

eggs

Number of

hatched eggs

(hatch rate)

Number of

larvae surviving

to second instar

Number of

larvae surviving

to last instar

Number of

pupating larvae

Number of adults

(% ecolosion)

NC-1 1605 746 (47%) 203 (27%) 54 24 6 (25%)

NC-2 0 0 (0%) — — — —
NC-3 1499 428 (29%) 115 (27%) — — —
NC-4 1574 881 (56%) 155 (18%) 36 13 7 (54%)

NC-5 1041 771 (74%) 211 (27%) 72 19 3 (16%)

NC-6 1163 834 (72%) 427 (51%) 40 10 —
NC-7 1265 816 (65%) 280 (34%) 55 8 2 (25%)

NC-8 1386 963 (70%) 307 (32%) — — —
NC Totals 9533 5440 (57%) 1698 (27%) 257 74 18 (24%)

GA-1 50 25 (50%) 15 (60%) 9 7 5 (71%)

GA-2 50 20 (40%) 6 (30%) 5 — —
GA-3 50 29 (58%) 20 (69%) 16 9 3 (33%)

*GA Totals 150 74 (49%) 41 (53%) 30 16 8 (50%)

TN-1 50 28 (56%) 12 (43%) 4 — —
TN-2 50 35 (70%) 29 (83%) 17 8 4 (50%)

TN-3 50 30 (60%) 25 (83%) 13 5 3 (60%)

*TN Totals 150 93 (62%) 66 (69%) 34 13 7 (54%)

Ova collected from three females in Rabun County, GA (N — 150), as well as three females in Logan County, TN (

N

= 150), were donated from colleagues,

E. Smith and I. Finkelstein.

down to 3-4 months. The eight females collected from

North Carolina lived between 12 and 32 days (mean = 26

days, SE = 2) and produced a total of 9,533 ova (mean
= 1,362 ova/female, SE = 81) (Table 1). One female from

North Carolina died without ovipositing; this female was

included in all analyses. Peak egg production by captive

females occurred between the 19-20th of September, with a

maximum of 323 ova collected on Sept 20th (Figure 3).

3.1. Larval Survival. Viable eggs darkened and turned

opaque prior to hatching within two weeks of being laid,

while inviable ones remained light in color and often col-

lapsed. First instars were observed eating their way out of

their egg casings. The mean larval hatch rate was highest in

ova from Tennessee-collected females (62%, SE = 0.03), fol-

lowed by North Carolina-collected females (57%, SE = 0.09),

and Georgia-collected females (49%, SE = 0.03) (Table 1).
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Date

Figure 3: Mean daily egg production for eight Diana fritillary females collected from western North Carolina, fall 2007.

Male mean

Female mean V.sororia

V.pedata

V.pubescens

Figure 4: Mean time to eclosion (+/- SE) for A. diana offspring

from North Carolina, Georgia, and Tennessee reared on three

Southern Appalachian violet (Viola) species, V. sororia, Vi pedata,

and V. pubescens. The only significant differences in time to eclosion

was between the sexes (df = 1, F = 54.11, P = 0.0).

3.2. Adult Survival. A total of 16 females and 13 males were

reared to adulthood. The male to female ratio from the North

Carolina site was 3 : 6; in Georgia was 4:1, and in Tennessee

was 1:3. ANOVA tests were conducted to determine the

effects of location, host plant species, and sex on the time

to adult eclosion. The only significant difference in time to

eclosion was between the sexes (d f = 1, F = 54.11, P = 0.0)

with males always emerging significantly earlier than females,

regardless of location and host plant species (Figure 4).

4. Discussion

Results of our rearing trial demonstrate that first instar larval

diapause can be broken in Argynnis (Speyeria) diana larvae,

shortening the life cycle of this species by several months in

a controlled laboratory. These results are likely applicable to

many other Greater Fritillary species and should prove useful

to future studies and rearing efforts within this group of

butterflies. The hatch rate of A. diana eggs from our three

Southeastern field sites was approximately 50%, which is

not atypical of other nymphalid laboratory rearing protocols

[12,17].

Females retained their ova after being captured, as egg

production was very low during the first week of captivity.

A sharp peak of oviposition activity occurred for all females

between Sept 19 and Sept 21. During these 48 h, the majority

of all fertilized ova were deposited, and levels steadily

declined after this time. Most females expired within 4 weeks

after capture, and within three days of their last eggs being

produced. Fritillaries are widely known to hold eggs in the

fall so as to increase survival of first instars [3, 4]. Our results

support the hypothesis that A. diana females carry a majority

of their eggs through the hot dry summer, laying eggs later

in the season when temperatures are cooler and rains more

frequent. Our findings help explain why A. diana males die

off on average much earlier than females which can persist

into early October [18]. We acknowledge, as well, that the

extremely sharp peak in oviposition observed in our study

could alternatively be an artifact of gravid females being held

captive in small paper bags after their capture.

We were quickly overwhelmed caring for the large

number of ova produced by the North Carolina females,

and strongly suggest that future applications of this protocol

adequately prepare for the possibility of each female produc-

ing over a thousand fertilized ova. It has been suggested to

the authors that following some of the rearing procedures

of James [12], who used overwintering blocks, would likely

have resulted in higher overall adult survivorship, perhaps

up to a higher order of magnitude [10]. Diapause can be

broken after 2-3 months of larvae being refrigerated. If adults

could be mated in captivity, carried through additional

lab generations, and then brought into synchrony, some

generations later, they could then be used to augment wild

populations, which is often the aim for the conservation
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of certain species. In our case, however, we aimed to study

the basic biology of an imperiled butterfly species to better

understand and document its larval behavior, not to repop-

ulate natural areas using our procedure.

Our study revealed no preference toward V. sororia V.

pubescens, and Viola pedata. Future studies should aim at

identifying host plant preference during each individual

instar in order to understand preference and survival

throughout the course of larval development. Controlled

feeding experiments assessing Viola preference by A. diana

with a larger number of regional violet species, and across

different larval instars would provide a clearer picture of the

A. diana life cycle. Specific measurements of larval perfor-

mance, such as tracking mass of each larva over time, and/or

frass collection from each larvae, would also add some clarity

to our results.

With record numbers of butterfly species facing extinc-

tion, captive rearing programs have become a popular

management tool to replenish and repopulate certain threat-

ened populations. The captive breeding of at-risk butterfly

populations has played an important role in the recovery and

ongoing conservation of many threatened and endangered

species [17-20]. We emphasize that our protocol breaks the

butterfly’s natural larval diapause and is therefore in no way
intended as a long-term conservation plan for A. diana.

Argynnis butterflies are univoltine insects that overwinter

as unfed first instars, mate in June or July, and then enter

a reproductive diapause until August-September. Forced

development, by breaking larval diapause prematurely, actu-

ally results in removing reproductive individuals from the

population. We suggest that aggressive habitat preservation,

with ample larval and adult host plants, is a more appropriate

management strategy for protecting A. diana for the long

term. While larval host plant availability can result in quick

and drastic population declines in endangered butterfly

species [20, 21], nectar plant diversity can also be a limiting

factor for adult butterfly survival [22]. Although we did not

detect a significant difference in A. diana larval feeding on

violets in this study, previous researchers have suggested that

A. diana adults preferentially feed from high quality nectar

sources such as milkweed, compass plant, and coneflower

[23, 24]. Maintaining a diverse array of native nectar and

Viola plants should be a conservation priority for this species.

Acknowledgments

The authors thank Eric Smith and Irving Finklestein, as

well as Drs. Hap Wheeler and Barbara Speziale for their

continued support ofundergraduate research. This study was

supported by an award to Clemson University from the

Howard Hughes Medical Institute Undergraduate Science

Education Program and by the Clemson University Creative

Inquiry Program for Undergraduate Research.

References

[1]

J. A. Scott, The Butterflies ofNorth America: A Natural History

and Field Guide, Stanford University Press, Stanford, Calif,

USA, 1986.

[2] J. A. Shuey, J. V. Calhoun, and D. C. Iftner, “Butterflies that are

endangered, threatened, and of special concern in Ohio,” Ohio

Journal ofScience, vol. 87, pp. 98-106, 1987.

[3] P. Opler and V. Malikul, A Field Guide to Eastern Butterflies,

Houghton Mifflin, New York, NY, USA, 1992.

[4] R. Cech and G. Tudor, Butterflies of the East Coast, Princeton

University Press, Prinecton, NJ, USA, 2007.

[5] C. N. Wells, L. Spencer, and D. Simons, “Reproductive behav-

ior of Speyeria diana (Nymphalidae) in Arkansas,” Journal

of the Lepidopterists ’ Society, vol. 65, no. 1, pp. 51-53, 2011.

[6] T. J. Simonsen, “Fritillary phylogeny, classification, and larval

host plants: reconstructed mainly on the basis of male

and female genitalic morphology (Lepidoptera: Nymphalidae:

Argynnini),” Biological Journal of the Linnean Society, vol. 89,

no. 4, pp. 627-673, 2006.

[7] M. P. Zalucki, A. R. Clarke, and S. B. Malcolm, “Ecology and

behavior of first instar larval Lepidoptera,” Annual Review of

Entomology, vol. 47, pp. 361-393, 2002.

[8] W. H. Edwards, “Notes on the larvae of Argynnis cybele,

aphrodite, and diana,” The Canadian Entomologist, vol. 6, pp.

121-125, 1874.

[9] L. P. Grey, A. H. Moeck, and W. H. Evans, “Notes on the

overlapping supspecies: segregation in the Speyeria atlantis of

the Black Hills (Nymphalidae),” Journal of the Lepidopterists

’

Society, vol. 17, pp. 129-147, 1963.

[10] S. O. Matoon, R. D. Davis, and O. D. Spencer, “Rearing tech-

niques for species of Speyeria (Nymphalidae),” Journal of the

Lepidopterists’ Society, vol. 25, pp. 247-255, 1971.

[11] J. A. Scott,
“
Speyeria atlantis in Colorado: rearing studies

concerning the relation between silvered and unsilvered

forms,” Journal of the Lepidopterists ’ Society, vol. 42, pp. 1-13,

1988.

[12] D. G. James, “Comparative studies on the immature stages

and developmental biology of five Argynnis Spp. (subgenus

Speyeria ) (Nymphalidae) from Washington,” Journal of the

Lepidopterists’ Society, vol. 62, no. 2, pp. 61-66, 2008.

[13] W. H. Holland, The Butterfly Book, Doubleday Press, New
York, NY, USA, 1931.

[14] B. J. Kopper, D. C. Margoiles, and R. E. Charlton, “Notes on

the behavior of Speyeria idalia (Drury) (Nymphalidae) larvae

with implications that they are diurnal foragers,” Journal of the

Lepidopterist’s Society, vol. 54, pp. 96-97, 2000.

[15] F. D. Venning, Wildflowers ofNorth America: A Guide to Field

Identification, St. Martins Press, 2001.

[16] H. E. Ballard, K. J. Sytsma, and R. R. Kowal, “Shrinking the

violets: phylogenetic relationships of infrageneric groups in

Viola (Violaceae) based on internal transcribed spacer DNA
sequences,” Systematic Botany, vol. 23, no. 4, pp. 439-458,

1999.

[17] D. L. Wagner, M. S. Wallace, G. H. Boettner, and J. S. Elkinton,

“Status update and life history studies on the regal fritillary

(Lepidoptera: Nymphalidae),” in Grasslands of Northeastern

North America: Ecology and Conservation ofNative and Agri-

cultural Landscapes, P. D. Vickery and P. W. Dunwiddle, Eds.,

pp. 261-275, Massachusetts Audubon, Lincoln, Mass, USA,

1997.

[18] J. K. Adams and I. L. Finkelstein, “Late season observations

on female Diana fritillary aggregating behavior,” News of the

Lepidopterists ’ Society, vol. 48, pp. 106-107, 2006.

[19] D. Wagner, “Rearing regals for reintroduction: playing the

odds but still losing ground,” American Butterflies, vol. 3, pp.

19-23, 1995.

[20] C. B. Schultz, P. C. Hammond, and M. V. Wilson, “The biology

of the Fender’s blue butterfly (Icaricia icarioides fenderi), an



6 Psyche

endangered species ofwestern Oregon native prairies,” Natural

Areas Journal, vol. 23, no. 1, pp. 61-71, 2003.

[21] D. A. Savignano, “Benefits to Karner blue butterfly larvae from

association with ants,” in Karner Blue Butterfly: A Symbol of a

Vanishing Landscape, D. A. Andow, R. J. Baker, and C. P. Lane,

Eds., vol. 84, pp. 37-46, Miscellaneous Publication, Minnesota

Agricultural Experiment Station, St. Paul, Minn, USA, 1994.

[22] H. B. Britten and L. Riley, “Nectar source diversity as an indi-

cator of habitat suitability for the endangered uncompahgre

fritillary, Boloria acrocnema (Nymphalidae),” Journal of the

Lepidopterists’ Society, vol. 48, no. 3, pp. 173-179, 1994.

[23] M. D. Moran and C. D. Baldridge, “Distribution of the Diana

fritillary, Speyeria diana (Nymphalidae) in Arkansas, with

notes on nectar plant and habitat preference,” Journal of the

Lepidopterists ’ Society, vol. 56, no. 3, pp. 162-165, 2002.

[24] W. Baltosser, “Flitting with disaster: humans and habitat are

keys to our state butterfly’s future,” Arkansas Wildlife, vol. 38,

pp. 6-11,2007.



Hindawi Publishing Corporation

Psyche

Volume 2011, Article ID 854820, 5 pages

doi:10.1 155/201 1/854820

Review Article

Homosexual Pairing within a Swarm-Based Mating System:

The Case of the Chironomid Midge

Athol J. McLachlan

School ofBiology, Newcastle University, Newcastle upon Tyne NE1 7RU, UK

Correspondence should be addressed to Athol J. McLachlan, a.j.mclachlan@virgin.net

Received 10 May 2011; Revised 7 July 2011; Accepted 10 August 2011

Academic Editor: Carlos Cordero

Copyright © 2011 Athol J. McLachlan. This is an open access article distributed under the Creative Commons Attribution License,

which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Homosexuality has been dubbed the Darwinian paradox, because it raises the question of how behaviour that would seem to

reduce the chance of successful mating can be maintained by natural selection. This question rests on the assumption that same

sex mating is the result of active choice of partner, hardwired into the mating behaviour, but there is an alternative explanation for

such behaviour. I refer to the possibility that same-sex mating is the result, not of adaptive behaviour at all, but rather of errors due

to imprecise sensory machinery. Such an explanation finds support within the mating system of insects with swarm-based mating

systems. To explore this case, I turn to the common chironomid midge. I show that homosexual pairing here, exclusively involving

male/male pairs, is common. I attempt to show that this observation, together with data on insect predators of swarming midges,

can be used to penetrate the mysteries of this fascinating but elusive mating system.

1. Introduction

Anomalous mating is currently attracting intense interest

(e.g., see [1]). It is a phenomenon widely observed among
animals, having been recorded at high frequencies in both

vertebrates and invertebrates. It is anomalous behaviour

because it would seem to reduce the chance of producing

offspring and hence reduces fitness, so should not be

favoured by natural selection. This is the so-called Darwinian

paradox (e.g., see [2]). However, close inspection of specific

cases show that the fitness ofhomosexual individuals, usually

males, can actually be improved by such behaviour. For

example, the well-documented case ofhomosexual pairing in

garter snakes suggests that such homosexual behaviour, that

is, males that behave like females, can carry fitness benefits

for subordinate males [3]. In other words, homosexual

mating can have evolved as an alternative mating tactic,

favoured by selection within an evolutionarily stable strategy

(ESS) [4]. However, though an interesting idea, there has

been some question raised over the evidence for ESS in

the wild [5]. So, the possibility that such behaviour is not

an adaptation at all but simply a flexible response to poor

condition during development resulting in weak phenotypes

must be considered. In this context, environmental stress

during development might produce males which cannot

compete directly with alpha males and thus have lower fitness

that rivals. This line of reasoning still leaves the question

of the evolutionary origin of female like behaviour. One
possibility is that homosexual males find their origin in

cross-sexual transfer. That is, where characters normally

expressed in one sex, the females, appear in the male [5].

Fairbairn [6] emphasises another possible adaptive scenario,

especially relevant to humans. I refer to what has been

called sexually antagonistic selection [7], which results in

genetic conflict if the traits are determined by the same genes

in both sexes. She suggests that while reducing fitness in

sons, interlocus conflict can lead to compensating benefits

for daughters. Thus, since there can be gains in fitness

through homosexual behaviour, the seeming paradox can be

circumvented. The matter of homosexuality in humans is

further discussed by Dawkins ([8, pages 37-38]).

Among invertebrates, it is the insects that have received

the most attention and in many of these, mate choice falls

to the male rather than the female, though the matter is not

straight forward [9]. This is unusual, as orthodoxy predicts

that the female should be the one to choose and there
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is a massive body of evidence that this is often the case,

especially among birds and mammals [10]. The matter of

choice by the male has many interesting twists. For example,

Thornhill and Alcock [11] show that mate choice behaviour

in the males of many insect species is not precisely tuned

to detecting females. Rather, it is imprecise and can lead to

errors. They provide the example of an unnamed buprestid

beetle attempting to mate with a bottle, presumably because

the bottle possesses some of the visual properties of a

mate, perhaps to a supranormal degree and may thus be

especially attractive to the male. It is this promiscuous

mating behaviour that has been exploited by the orchids [11],

where a slight resemblance to a female insect is evidently

sufficient to provoke mating attempts leading to pollination.

Indeed mistakes in mate choice in many insects may be

due to selection favouring imprecise sexual discrimination

behaviour. Thornhill and Alcock ([11, page 134]) provide

an interesting thought experiment to show that such a

promiscuous system might carry fitness advantages over a

more finely-tuned one.

Throughout this paper I use the term “choice” in the

general sense of West-Eberhard [5, page 442], that is,

“Choice between two or more actions. . .or individuals occurs

when there is a differential response to stimulus difference

associated with the alternatives. .

.” This is in accordance with

the more specific definition of Bonduriansky [12]. A more

precise definition of what is meant by “choice” in midge

swarms is that the male is able to differentiate between what

is male and what is female. This is somewhat different for

males choosing a female for an array of those available. I see

this, not as something new, but rather as a special case of

choice.

2. Swarm-Based Mating Systems

Swarm-based mating systems typically involve males flying in

swarms to attract patrolling females. Such swarms are often

on immense size (Figure 1).

Swarm-based mating systems are widespread among
insects, being recorded among beetles, termites, dragonflies,

bees, ants, caddis flies, stone flies, mayflies, and among the

true flies (Diptera) in Trichoceridae, Empididae, Culicidae,

Ceratopogonidae, Simulidae, Chaoboridae, Bibionidae, and

Chironomidae [13]. These swarms are essentially leks

—

assemblages of males that offer nothing to mates but their

genes. Leks have been much studied among the vertebrates,

especially birds, where choice by the female is central to

the system [9]. Invertebrate leks cry out for attention [14].

Central to the study ofthe lek is another paradox which arises

from the expectation that females should choose males of

high genetic quality as advertised by the quality ofthe display

[15]. There are several layers to this paradox but ultimately

depletion of the genetical variability upon which natural

selection depends would be expected and adaptive change

might eventually come to a halt. There are solutions to this

seeming paradox, of course, which I do not here pursue, but

see [16, 17].

Figure 1: A swarm of chaoborid midges over Lake George, Uganda

(photo by L. McGowan).

3. Anomalous Pairing among
Chironomid Midges

The swarm-based mating system of chironomids poses

several unresolved questions. Principal among them is the

matter of how a pairing is actually achieved. This simple

question has consumed much research effort [18]. I attempt

here to show that the occurrence of same-sex pairs helps

resolve this central question. In the end, the available

evidence suggests that the homosexual pairs observed in

chironomid swarms are due to mistakes ofthe kind described

by Thornhill and Alcock [11]. The findings from a sampling

programme running over two sampling season is shown in

Table 1.

This data reveals some trends. The most interesting

of these, in the context of homosexual pairing, is the

high frequency at which male/male pairs form. Indeed,

homosexual pairs are often the only ones captured on an

evening’s sampling, perhaps because there were no females

available on the evening. By contrast, homosexual pairs of

females were recorded only once over the entire two-year

period. At first sight this observation concerning female

homosexual pairs might seem highly significant and lead

to adaptive conjecture. However, put into the context of

the mating swarm the explanation is obvious. Male swarms

of a common and iconic chironomid midge, Chironomus

plumosus ,
typically number about four thousand individuals

[20], which is probably fairly typical for chironomids [21].

Females enter the swarm briefly in ones or twos and hence

represent a rare and transient event. Hence the absence of

female/female pairs is not surprising. Indeed, the presence of

even one is noteworthy. What is more interesting is a com-

parison between male/male pairs and male/females pairs.
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Table 1: Number of pairs, in various categories, captured from

mating swarms of the midge Chironomus plumosus , on twenty

evenings during 1994 and 1995. The first column assigns code

numbers to the occasions, a, male/male pairs, b, female/female

pairs, c, male/empid pairs, d, male/female pairs. From primary data

ofMcLachlan [19].

Date
a

d'/d'

b

$/?

c

cT/empid

d

cf/$

(1) 11/5/1994 8 1 0 0

(2) 25/5/1994 2 0 0 0

(3) 02/6/1994 11 0 1 0

(4) 06/6/1994 2 0 0 3

(5) 13/6/1994 1 0 1 12

(6) 14/6/1994 2 0 0 2

(7) 22/5/1995 5 0 0 17

(8) 23/05/1995 7 0 0 5

(9) 24/5/1995 7 0 3 12

(10) 25/5/1995 1 0 5 0

(11) 30/5/1995 3 0 1 1

(12) 31/5/1995 2 0 2 0

(13) 05/6/1995 1 0 3 0

(14) 8/6/1995 1 0 3 0

(15) 12/6/1995 0 0 0 1

(16) 13/6/1995 2 0 0 9

(17) 15/6/1995 1 0 0 10

(18) 16/6/1995 0 0 4 5

(19) 20/6/1995 0 0 0 2

(20) 21/6/1995 0 0 0 1

Total 56 1 23 80

The creation of the male/female is, after all, the function

of the swarm. Despite the overwhelming likelihood of any

male encountering another male in a swarm, males paired

with females are, on the average, strongly predominant A
total of 56 male/male pairs were captured over the sampling

period compared with 80 male/female pairs (i.e., close to

60% of all pairs were male/female). In view of the temporal

scarcity of females this finding suggests a fine-tuned female

detection ability in males where homosexual pairing can be

seen as a mistake made by eager males in an intense scramble

competition [10]. So, it is difficult to avoid the conclusion

that the mating system hinges on the male rather than the

female, but as already pointed out, this is not quite the same

as “male choice” in the sense of [12],

A heterogeneity X2
0 05)1 test in a 2 X 2 contingency table

[22] prohibits the pooling of sampling occasions. Taking

occasion separately and adopting the method of Thomas et

al. [23], Table 2 shows that, despite strongly male-biased sex

ratio within a mating swarm, on occasion 5, 16, 17, and

18 male/female pairs dominate over male/male pairs. Only

on occasions 1, 2, and 10 do male/male pairs significantly

predominate (i.e., I2
a05il . P < 0.05 in both cases).

The proximate cause of pairing appears to be the sound

emitted by the wing beats of the females that the male uses as

Table 2: X2

0 05 1 , 2x2 contingency table to illustrate the statistical

method adopted. This example is for pooled data to test the null

hypothesis that there is no difference between columns.

Male/male

Pairs

Male/female

observed 56 80

expected 68 68

(b)

Figure 2: The sensory equipment of the chironomid midge. Front

view of head of male (a) and antenna (b); (c) and (d) the same for

the female. (Modified after [24], with permission).

his primary cue, rather than sight. The complex antennae of

the male are thought to be the principal sense organ involved

[13] (Figure 2).

Although motor indicators such as these are thought to

be more reliable as cues than visual ones [25], wing beat

sound, I suggest, is a fallible cue as it maybe prone to changes

as the female manoeuvres within the male swarm and this

may be a proximate reason for the mistakes made by males.

In this regard, a research programme to investigate wing beat

sound within the swarm could be rewarding. Mosquitoes

adopt a similar mating system to that of chironomid midges

and research on the mating system of mosquitoes has lead

independently to a similar conclusion regarding the role of

sound in mate detection [26].

I have one other piece of evidence that helps unravel

the complexities of the chironomid mating system. I refer

to a predator of midge mating swarms, the empid fly Empis

stercorea which, I suggest, may be sufficiently common as a

predator to be one of the selective forces shaping the mating

system of the midge. Comparing columns a and c in Table 1

shows empids to be regularly successful at capturing male

midges. A comparison of column c and d in Table 1 suggests
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Figure 3: A male/female mating pair of chironomid midges

(Chironomus plumosus). The male, with plumose antennae, grasps

the female, below. Wing length c. 2 mm (drawing by B. Compton).

that male midges may be more successful at capturing the

rare female than empids are at capturing the abundant male

midges. This comparison is made leaving aside all zeros, that

is, occasions when there may have been no empids and/or

female midges. I make the assumption too, that the numbers

of females and of empids in the swarm at any one time are

approximately the same. This assumption is reasonable but

awaits confirmation. The performance of the empid may be

telling us something interesting about the relative efficiency

of male chironomids and of empids at capturing their “prey.”

More work is needed here.

This predacious fly is so like a female chironomid,

in general appearance in flight, as to confuse the human
observer and possibly the male midge as well [27] . Ifthe male

mistakes an empid for a partner, the job of the predator is

made that much easier. I do not suggest that the male actually

grasps the empid but rather that he may approach close

enough to be grasped by it. Both the comparison between

the success of males at capturing females and of empids

at capturing males lend support to the conclusion that the

chironomid mating system hinges on choice by the male

midge pursuing fleeing females.

Xq. 05,20 heterogeneity tests prohibit the pooling of data

in both comparisons involving empids, that is, a versus

c and c versus d. Taking c versus d first and treating

sampling occasions separately shows male/female midge

pairs to be significantly more frequent than male/empid pairs

on occasions 5, 7, 8, 9, 16, and 17. Only on occasion 18

do empid/male pairs predominate significantly. Comparing

a and c, a is at a significantly higher frequency that c on

occasions 1, 3, 7, and 8 (Table 1).

Figure 3 shows a typical male/female pair of chironomid

midges as would be seen emerging from a mating swarm. The

pair stays together for a few seconds and can be captured as

they alight on a sheet spread below the swarm, for example,

[28].

4. Conclusions

I here use the presence of homosexual pairs of males at high

frequency in a swarm-based mating system in an attempt to

understand this type of system. For the specific case of the

illusive mating system of the common chironomid midge,

the conclusion I reach is that this system is coercion driven

with male midges in pursuit of fleeing females [29, 30]. This

conclusion finds support both in a comparison of male/male

midge pairs with males in pairs with an empid predator and

with pairs of males with female midges.

The midge mating system has several interesting biome-

chanical and sensory features [12, 13], but it received

relatively little attention and would reward further work.

This is a suggestion made feasible by the development of

high-speed video recording equipment which is revealing

many secrets previously hidden from observation (e.g., [31]).
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1. Introduction

“Knowledge is of two kinds. We know a subject ourselves, or

we know where we can find information on it [1].” In social

insects, discovery of a resource is often coupled with com-

munication of this discovery to nestmates in order to exploit

fully the resource before competitors find it or it is naturally

depleted. Although it may seem simple, this process of infor-

mation transfer is influenced by several factors, both intrinsic

to the colonies and individuals (e.g., satiation status, the per-

ception of colony’s food storage) and external factors (e.g.,

climatological conditions, available sources at the moment
of foraging), which also interact with each other. This special

issue explores some aspects of the regulation of foraging, re-

cruitment behavior, and information transfer in Hymeno-
pteran species, and it is divided into three sections: (1) the

regulation of foraging by intrinsic factors, (2) the regulation

of foraging by external factors, and (3) the regulation of re-

cruitment.

2. Nest-Based, Individual, and Group
Foraging Regulation (M. J. Couvillon)

Foraging is costly. Searching for resources necessitates the

consumption of energy and time, and leaving shelter increas-

es predation exposure. Of course, solitary organisms have no

option. However, for group-living animals with division of

labor, an individual is confronted with a “decision” either to

forage or to engage in another safer task. What factors impact

this decision? More specifically, how do colonies utilize these

factors to regulate foraging, maximizing the gain while mini-

mizing the costs? These next three papers examine the causes

and cues in foraging regulation. The first two look at how
different proximate cues such as intrinsic (physiology) and

social status may impact an individual’s foraging decision.

The third paper investigates the ultimate benefit of a specific

type of foraging organization.

In honey bees, all workers eventually forage. However, do

all workers forage alike? What physiological factors influence

an individual’s foraging behavior? Higginson and co-authors

report on data in which they experimentally clip for-

ager wings to simulate naturally acquired wing wear. They

demonstrate that wing damage has deleterious effects on sur-

vivorship and foraging behavior. Bees with light damage took

shorter but more frequent trips; foragers with heavy damage

took less frequent trips. In this way, foragers adjust behavior

according to individual physiology.

The eusocial wasp, Mischocyttarus cerberus styx, forms

dominance hierarchies, and an individual’s rank impacts her

propensity to forage. However, what happens to foraging or-

ganization when ranking is disrupted? Filho and co-authors

removed 2-3 individuals from nests and then monitored the

number of foraging trips. They found that while the remov-

al of lower-ranked females did not cause an effect, the re-

moval of higher females caused a 66% decline in foraging

trips. The authors hypothesize that the disruption of

the dominance hierarchy by removing the higher ranking
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individuals necessitated a reorganization that negatively

impacted foraging effort.

Lastly, in
“
Sequential load transport in grass-cutting ants

(Atta vollenweideri): maximization of plant delivery rate or

improved information transfer,”
J. Roschard and F. Roces ask

why the grass-cutting ant Atta vollenweideri evolved sequen-

tial transport. They test the traditional explanation “econo-

mic-transport”, where forming transport chains increases

individual efficiency, against an alternative explanation “in-

formation-transfer”, where transport chains, while decreas-

ing individual efficiency, may benefit the colony by providing

information for foragers. They show that while manipulating

fragment size did not increase the probability of a transport

chain, manipulating fragment quality did increase sequential

transport, thus supporting the “information-transfer” hypo-

thesis. In this way, colonies evolve exquisite—and different

—

mechanisms by which essential tasks are organized.

3. Recruitment Regulation ( J. C. Nieh)

In this special issue, three papers examine two aspects ofhow
social insect colonies use information transfer to regulate re-

cruitment, a process by which the colony allocates foragers to

food sources. Such information transfer can occur in multi-

ple ways, including the use ofodor trails or the famous honey

bee waggle dance.

Odor trails are used in many ant species. In the paper
“ Trail laying behaviour as a function of resource quality in the

ant Camponotus rufipes,” P. Schilman shows that the prob-

ability of foragers depositing a recruitment odor trail varies

with the quality (sucrose concentration) of the food source.

A greater proportion of foragers deposited odor trails for

higher as compared to lower concentration sucrose solution.

This behavior could contribute to how a colony allocates

labor among food providing different reward levels.

Such odor trails are used by other social insect species. An
interesting question is whether a wasp that uses odor trails

during nest swarming can also use olfactory information to

guide nestmates. Taylor and his collaborators examined this

possibility in the social wasp, Polybia occidentalis. This

species lays odor trails to guide migrating swarms. In
“
Re-

cruitment in swarm-founding wasps: Polybia occidentalis does

not actively scent-mark carbohydrate food sources they show

that foragers did not exhibit a preference, in a paired-feeder

assay, for the feeder that multiple foragers previously visited

while being trained. Thus, a species that can use odor trails to

guide mass movements in one context (swarming) does not

necessarily use them in a different context (foraging).

Finally, O. Duangphakdee and coauthors review our

understanding of the role of celestial information in the wag-

gle dances of different honey bee species. The honey bee wag-

gle dance recruits nestmates to resources and provides orien-

tation information that uses the sun’s position in the sky.

Dancers transform the resource’s location relative to the sun’s

azimuth into the angle of the waggle phase with respect

to gravity (for dances on a vertical surface) or directly

in the angle of the waggle phase on a horizontal surface.

Accurately determining the sun’s azimuth (its direction pro-

jected onto a horizontal plane) can be difficult when the sun

is at its highest point in the sky. This is particularly true at

locations near the equator and at times of the year when the

sun is almost directly overhead at its zenith. In these situ-

ations, small errors in estimating the correct solar azimuth

can generate large errors in the direction communicated in

the waggle dance. Duangphadkdee and his co-authors review

this fascinating problem and discuss the ingenious solutions

that different species ofhoney bees have evolved.

4. Role of Environment in Foraging

Regulation (F. A. L. Contrera)

The foraging of social insect colonies is a complex behavior,

regulated by several internal and external factors, such as

climate conditions and the availability of resources. The con-

tributions in this section deepen our understanding of the

role of environment in foraging regulation in two species

of social insects; Melipona capixaba (Flymenoptera: Apidae:

Meliponini) and Polybia paulista (Hymenoptera: Vespidae:

Epiponinae). Luz and collaborators show that in the stingless

bee, M. capixaba ,
there is a preference for pollen sources from

native species, but in disturbed regions, they shift to a high

preference (~80%) for pollen from an introduced cultivar,

Eucalyptus. The authors discuss the importance of the

recovery ofnative flora for the nourishment of colonies, since

introduced plant species may lose their economic attractive-

ness and be substituted for other cultivars that do not provide

as much food for the colonies. In another study, N. C. de

Souza Canevazzi and F. B. Noll examine the influence of

weather on the foraging efforts of the wasp P. paulista

throughout the year and also evaluate the importance of the

resources that wasps forage for. They showed that temper-

ature is the most relevant environmental factor influencing

foraging behavior. In addition, nectar and water are the most

relevant items collected, because they are involved in meta-

bolism (water and nectar), thermoregulation (water) and

nest construction (nectar).

Felipe Andres Leon Contrera

Margaret J. Couvillon

James Charles Nieh
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The alimentary canal of Neodiprion abietis larvae is a straight tube divided into foregut, midgut, and hindgut. Posterior to the

mouth, the foregut is further divided into the pharynx, esophagus (crop), and proventriculus, all of which are lined with cuticle.

A pair of muscular, chitin-lined pouches branch off the anterior foregut and lie lateral to the alimentary canal. Gastric caeca are

located at the anterior end of the midgut, where the peritrophic membrane is formed and was observed throughout the midgut. A
single layer of midgut columnar epithelial cells abuts on the basal lamina at one end with microvilli extending into the gut lumen

at the other. Nidi of regenerative cells were observed between columnar epithelial cells at the basal lamina. Malpighian tubules

are attached to the posterior end of the midgut. The hindgut consists of the pylorus, a muscular ileum connecting to a bulbous

rectum, which then opens to the anus.

1. Introduction

Insect gut morphology and function are dependent on

several factors including insect taxon, developmental stage,

feeding behavior, and food source [1, 2], but all insect guts

follow the same basic plan. The fore- and hindguts originate

from the embryonic ectoderm and are lined with cuticle

[2-4]. The middle component, or midgut, has no cuticular

covering and is generally thought to originate from the

embryonic endoderm [2, 5, 6]. The foregut typically func-

tions for short-term food storage and transport to the midgut

[3], where food is digested by enzymes and nutrients are

absorbed across a columnar epithelium. The hindgut is

divided into the pylorus, ileum, and rectum, where water

and salts may be absorbed, and the anus through which feces

pass from the body [2, 4]. Malpighian tubules attach at the

junction of the midgut and hindgut and may be on one side

or the other of this junction depending on the insect [7, 8] . In

1895, Bordas [9] described the gut morphologies of selected

examples from every family in the Hymenoptera. Sixty years

later, Maxwell [10] made extensive comparisons of the inter-

nal larval anatomies of 132 different species from 1 1 families

of sawflies, collected worldwide, in an effort to resolve certain

issues related to the taxonomy of sawflies. Maxwell [10]

determined that the two major internal anatomical features

for establishing evolutionary relationships amongst and

between sawfly taxa were the salivary glands and Malpighian

tubules.

The balsam fir sawfly, (Neodiprion abietis ) (Hymenop-

tera: Diprionidae), is indigenous and widespread in North

America, where the larvae feed predominantly on balsam

fir (Abies balsamea ), white spruce (Picea glauca), and black

spruce (Picea mariana ) [11]. Neodiprion abietis is likely a

species complex where temporal differences in life histories

and host-plant selection for oviposition and feeding may
provide an isolating mechanism for strains that can other-

wise freely interbreed [12]. On the island of Newfoundland

(Province of Newfoundland and Labrador (NL), Canada),
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outbreak populations of balsam fir sawflies typically occur

in 5- to 15 -year cycles and last 4 to 5 years [13]. Here, balsam

fir sawfly larvae emerge in late spring and early summer
after overwintering as eggs that had been oviposited the year

before in the then current-year needles of balsam fir trees.

Male larvae pupate after the fifth larval stadium, whereas

female larvae may go through an addition instar before

pupating [14]. The adults emerge in late summer, and mated

females will lay female eggs and unmated females, male eggs

(arrhenotoky). Outbreak populations of balsam fir sawflies

are brought down by epizootics of a naturally occurring

nucleopolyhedrovirus (NeabNPV: Gammabaculovirus : Bac-

uloviridae [15]) [16]. Sawfly NPVs only infect the midgut

[17], so prior to examining the pathology of NeabNPV in

larval balsam fir sawflies and because of the general paucity

of reports on sawfly gut anatomy, we have first undertaken

an examination of the anatomy and histology of the healthy

alimentary canal of the balsam fir sawfly larva.

2. Materials and Methods

2.1. Larval Collection. Balsam fir branches, containing N.

abietis larvae, were collected from the leading edge of the

balsam fir sawfly outbreak near Old Mans Pond, NL, Canada

(49°7'23.3"N: 57°51'45.6" W) between 18-21 July 2003.

Larvae were maintained on balsam fir foliage in 20-kg brown

paper bags at 4°C for a maximum of 48 h. Larvae were

removed from the foliage, and head capsule measurements

were taken using a dissecting microscope equipped with a

calibrated micrometer in the objective lens. Larvae with head

capsule widths between 0.96 to 1.5 mm, which correspond to

third- to fifth-instar larvae [14], were transferred to sterile

100 mm X 15 mm plastic Petri dishes for a 12- tol5-h

starvation period. Larvae were then allowed to imbibe an

aqueous solution of 10% pasteurized honey and were placed

on clean (5-min soak in 0.25% aqueous NaOCl followed by

three 15-min rinses in tap water), fresh balsam fir sprigs, for

72 h at ambient room temperature (approximately 20° C) to

monitor for signs ofNeabNPV infection.

2.2. Histological Preparations

2.2.1. Paraplast Sections. Larvae were submerged whole in

Bourns fixative (Electron Microscope Sciences, Hatfield, Pa,

USA) for 24 to 48 h. Larvae were rinsed and dehydrated

in a graded ethanol series to butanol and embedded in

Paraplast+ (Sherwood Medical, St. Louis, Mo, USA). Embed-

ded material was sectioned using a steel histological knife

on an American Optical (Buffalo, NY) 820 Spencer rotary

microtome set to cut sections 10 pm thick. Serial sections

on clean glass microscope slides were stained using a mod-
ified azan staining technique [18], dehydrated in ethanol

to Hemo-D (Fisher Scientific, Fair Lawn, NJ, USA) and

mounted in Permount (Fisher Scientific, Fair Lawn, NJ,

USA).

2.2.2. Epon-Araldite Sections. Larvae harvested for whole-

mount preparations and epoxy embedding were first injected

with fixative (2.5% gluteraldehyde—0.05 M sodium cacodyl-

ate—0.1M sucrose pH 7.4) using a 1-cc, 27G1/2 syringe

and needle (Becton Dickinson, Franklin Lakes, NJ, USA).

The heads and tails were removed at the head capsule and

eighth proleg, respectively, and then, the gut was pulled

from the hemocoel into fresh fixative, using fine forceps.

Guts excised for epoxy embedding were then embedded in

2% low-gelling-temperature agarose (SeaPlaque: FMC Bio-

Products, Rockland, Me, USA) to preserve the integrity of

the gut contents [19]. Guts were then cut roughly into fore-,

mid-, and hindgut sections, re-embedded in agarose, and

transferred to 1.5-mL microcentrifuge tubes containing fresh

fixative overnight at 4°C. Gut samples were rinsed at 20°

C

for 15 min each in 0.05M sodium cacodylate containing

0.1 M sucrose, 0.05M sucrose and no sucrose followed by

postfixation in 1% OsCL in 0.05 M sodium cacodylate buffer,

pH 7.4 for 1 h at 20° C. Samples received two 1 5-min rinses

in the same buffer followed by two 10-min washes in distilled

water prior to en bloc staining in 4% aqueous uranyl acetate

overnight and in the dark at 4°C [19]. Two additional 10-

min water washes were followed by dehydration in a graded

acetone series (30-100%) and embedding in Epon-Araldite

[20] (Epon-5g, Araldite-5g, DDSA-12g, DMP-30-500 pL)

(Electron Microscope Sciences, Hatfield, Pa, USA). Sections

were cut using an RMC MT-7 ultramicrotome at 1 pm for

light microscopy and 80-90 nm for electron microscopy

using Diatome (Biel, Switzerland) Histo and diamond

knives, respectively. Thin sections were placed on clean glass

slides, stained with toluidine blue-basic fuchsin (Canemco-

Marivac, St. Laurent, QC, Canada) and were mounted in

Permount. Ultrathin sections on 100-mesh copper grids

were stained with 2% uranyl acetate and 0.01% lead citrate.

Digital light microscope images were captured using a Nikon

Eclipse 80i/DS camera (Nikon Instruments, Melville, NY,

USA). Electron microscope images were taken on an Hitachi

H7000 transmission electron microscope (Mississauga, ON,
Canada) at 75 kV.

3. Results

3.1. The Alimentary Canal. The N. abietis larval alimentary

canal is straight and runs the full length of the body of

the larva, between the anterior mouth and posterior anus,

and is divided into three distinct regions (Figures 1 and 2):

foregut (Figures 3-9), midgut (Figures 9-13), and hindgut

(Figures 13-19). The foregut forms approximately 22% of

the total length of the gut. A pair of muscular diverticular

pouches branch off the anterior foregut (Figures 1, 3, and

4) and connect to the buccal cavity (Figure 5). Like all com-

ponents of the foregut, these pouches are lined with cuticle.

Posterior to the buccal cavity is the muscular pharynx with

posteriorly directed cuticular spines (Figures 6-8) followed

by the esophagus that enlarges posteriorly to form the crop

(Figures 6 and 9). The proventriculus (Figures 9 and 10) is

characterized by a thick cuticle and is the last part of the

foregut before the midgut. Gastric caeca encircle the anterior

end of the midgut, and it is in this region that peritroph-

ic membrane is formed by cells of the cardia and anterior
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Figure 1: Diagrammatic representation of larval Neodiprion abietis

salivary glands, gland cells (G), diverticular pouches (DP), and ali-

mentary canal (after Maxwell [10] ).

Figure 2: Photomontage of a whole mount of the foregut (FG),

midgut (MG), and hindgut (HG) of a balsam fir sawfly larva. The

arrow on the left indicates the junction of the foregut and midgut

and the arrow on the right indicates the junction of the midgut and

hindgut, where the Malpighian tubules (to the right of the arrow)

are inserted. Scale bar = 2 mm.

midgut (Figures 9 and 10). The midgut is about 63% of the

length of the alimentary canal, the majority ofwhich consists

of columnar epithelial cells butting onto the basal lamina

which is then surrounded by circular and longitudinal

muscles (Figures 11 and 12). Nidi of regenerative cells lie

between columnar epithelial cells and adjacent to the basal

lamina (Figures 1 1). At the posterior end of the midgut, just

in front of the pylorus of the hindgut, the epithelium forms

folds (Figures 13 and 14), and the cells in this region appear

to be contributing material to the peritrophic membrane
(Figure 15). Malpighian tubules were observed to insert into

the posterior end of the midgut just anterior to the pylorus

(Figure 14). The hindgut makes up the remaining 15% of the

alimentary canal, consisting of the pylorus, ileum, rectum,

and anus (Figures 13-19), all of which are lined with cuticle.

The pylorus is not as wide as the midgut and constricts

further at the ileum (Figures 2 and 13), which forms a mus-

cular tube characterized by a thick cuticle (Figures 16 and

17). The epithelium undulates and consists of cuboid cells

(Figure 17). Posterior to the ileum is the bulbous rectum,

where waste plant material could be seen encased in a sheath

formed by the peritrophic membrane (Figure 18). The outer

surface of the cuticle lining of the anus had posteriorly

directed spines and innervated setae (Figure 19).

3.2. The Salivary Glands. A pair of salivary glands flank the

alimentary canal and open into the buccal cavity (Figure 1).

The glands consisted of pair of large ducts, each with numer-

ous gland cells on their surfaces (Figures 20-25). Granules

were observed within and outside the cytoplasm of the gland

cells (Figures 22 and 23). The salivary ducts consisted of

a single layer of epithelial cells with microvilli facing the

central lumen of the ducts, where secretions were observed

(Figures 20, 24, and 25).

Figure 3: Longitudinal section through the head (H) and thorax

(T) of a N. abietis larva showing the paired diverticular pouches

(DP) and the tubule (arrows) that connects one of the pouches to

the buccal cavity. (Note that serial sections showed the continuity

of the tubule between the diverticular pouch and the buccal cavity.)

Scale bar = 0.5 mm.

Figure 4: Detail of the musculature (arrows) and cuticle lining

(arrowheads) of a diverticular pouch (different section but same

pouch as the one on right in Figure 3) and tubule (Tu) with contents

of a second pouch (on left in Figure 3). Scale bar = 0.1 mm.

Figures 3-6, 9, 10, 13-16, and 18-21 are light micro-

graphs of paraplast sections. Figures 7, 8, 11, 17, and 22-25

are light micrographs of epoxy sections, and Figure 12 is an

electron micrograph of an epoxy section.

4. Discussion

Sawflies are phytophagous and the Diprionidae are defo-

liators of conifer trees (Pinaceae) with digestive systems

adapted to that purpose. The diverticular pouches, which

branch off the diprionid larval foregut, are used to store host-

plant-derived terpenoids that are regurgitated in defensive

behaviors against predators [21-27]. Like N. abietis, the

diverticular pouches of N. sertifer larvae have been shown to

be muscular sacs lined with an impervious layer of cuti-

cle [21]. The chemistry of the contents of the pouches

of conifer-feeding diprionid sawflies [21-24] and pergid

sawflies feeding on eucalyptus [28] reflect the chemistry of

the food source. Food source and larval stadium can also
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Figure 5: Detail of tubule (Tu) extending into the buccal cavity

(BC) in the head of a N. abietis larva. (Same larva, different section

as Figure 3.) Scale bar = 0.1 mm.

Figure 6: Muscular (M) pharynx (Ph) and anterior crop (Cr) of

a N. abietis larva. Cuticular spines of the pharynx (arrows) are

directed posteriorly. Scale bar = 0.1 mm.

affect the volume of fluid regurgitated. Redheaded pine

sawfly (N. lecontei) larvae fed Pinus banksiana regurgitated

0.26 ± 0.02 pL compared with 0.07 ± 0.04 pL when fed P.

resinosa [24]; second-instar red pine sawflies (AT. nanulus

nanulus) released 58.9 ± 2.3% of the regurgitated volume

on the first expulsion of fluid and lower amounts with each

of the next two expulsions, whereas fifth instars released

40.5 ± 2.0% on the first regurgitation and lower but similar

amounts on the next two regurgitations [24]. Diprion pini

larvae fed a high-resin diet produced higher amounts of fluid

and had higher pupal weights than larvae fed low-resin diets,

indicating that the cost and maintenance of this chemical

defense was low [27]. However, there may be a balance

between negative effects of high-resin acid contents to early

instars (e.g., longer development times) and advantages of

positive effects (chemical defense) to late instars in N. sertifer

larvae [23]. Balsam fir sawfly larvae have been shown to

perform best (better survival and cocoon weights) when they

could feed on all age classes of foliage [29].

The rest ofthe foregut is involved in the intake of food, its

trituration, and movement back towards the midgut [2, 3].

The musculature and posteriorly directed spines on the

cuticle of the pharynx of N. abietis larvae would aid in these

functions. The esophagus is enlarged to serve as a temporary

Figure 7: Posteriorly directed cuticular spines (arrows) subtended

by a single cell layer of epithelium (Ep) and muscle (M). Bacteria

(B) can be seen in the lumen of the pharynx. Scale bar = 30 pm.

Figure 8: Detail of the epithelium (Ep), muscles (M), and cuticle

(C) of the pharynx of a N. abietis larva. Scale bar = 30 pm.

Figure 9: Posterior end of the foregut (left) showing the crop (Cr)

and proventriculus (Pr) with its thick cuticle (C) and subtending

epithelium (Ep) and the anterior end of the midgut (right) with

a gastric caecum (GC) and peritrophic membrane (PM) being

produced by cells of the cardia (arrows). Scale bar = 0.2 mm.
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Figure 10: Junction ofthe foregut (left) and midgut (right) showing

the proventriculus (Pr), a gastric caecum (GC), and the origin

(arrow) of the peritrophic membrane (PM). The anterior cells of

the midgut also appear to contribute secreted material (arrowhead)

to the peritrophic membrane. Scale bar = 0.1 mm.

Figure 11: Nucleated (N) columnar epithelial cells of the midgut

with microvilli (Mv) extending into the lumen (endoperitrophic

space) of the gut. A regenerative cell (arrow) lies between two

columnar epithelial cells beneath layers of circular (CM) and lon-

gitudinal (LM) muscle. Scale bar = 30 (im.
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Figure 12: The base of a midgut columnar epithelial abuts against

the basal lamina (BL) and circular muscle (CM). Fine, finger-like

projections of the basal lamina cause invaginations of the epithelial

cell plasma membrane (arrowheads). Mitochondria in the epithelial

cell are indicted by the arrows. Scale bar = 1 ^m.

Figure 13: Longitudinal section (dorsal side up) of a N. abietis

larva showing folds (arrows) in the epithelium at posterior end of

the midgut (MG) and the hindgut showing the pylorus (Py), ileum

(Im), and rectum (R). Malpighian tubules (MT) and salivary gland

(SG) are visible in the hemocoel. Scale bar = 0.5 mm.

storage organ, and the proventriculus, with its thick cuticle

covering, is involved in the maceration of food [2, 3]. The

cardia are specialized cells of the proventriculus that secrete

the peritrophic membrane [30]. Peritrophic membranes laid

down by cardia cells only are considered type II peritrophic

membranes and are found, for example, in larval Diptera

and a few adult Lepidoptera [31]. Type I peritrophic mem-
branes are produced along the entire length or at either

end of the midgut [1]. Type I peritrophic membranes are

found in Coleoptera (beetles), Dictyoptera (cockroaches),

Hymenoptera (bees, ants, wasps), Lepidoptera (moths and

butterflies), and adult hematophagous Diptera (e.g., female

mosquitoes) [31]. In larval N. abietis, material used in the

formation of the peritrophic membrane was observed being

secreted by the cells of the cardia (proventriculus) and ante-

rior and posterior midgut epithelium. The evolution of the

cardia maybe an adaptation allowing insects to produce large

quantities of peritrophic membranes at a localized region of

the gut [32]. In larval sawflies, the importance of abundant

production of peritrophic membrane in the anterior region

of the midgut would be for the protection of the midgut

epithelium from abrasion by the jagged edges of the partially

masticated food [31] and potentially harmful microbial

pathogens while allowing for the passage of molecules

(enzymes and products of digestion) between the endo- and

ectoperitrophic spaces [30]. In Hymenoptera, initial stages of

digestion occur in the endoperitrophic space, intermediate

stages in the ectoperitrophic space, and final stages at the

surface of the midgut epithelium [31]. Only the enzymes in-

volved in the initial stages of digestion are free to move across

the peritrophic membrane between the endo- and ectoper-

itrophic spaces [31]. A counterflow of water from the poste-

rior midgut to the caeca is thought to recirculate these en-

zymes, in the ectoperitrophic space, to the anterior midgut,

where they can re-enter the endoperitrophic space [31].
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Figure 14: Insertion point (arrow) of a Malpighian tubule (MT) at

the posterior end of the midgut (MG) just anterior of the pylorus

(Py). Note the layer of cuticle (arrowheads) lining the pylorus,

which is typical of the hindgut. Scale bar = 0.1 mm.

Figure 15: Cells contributing material (arrows) to the peritrophic

membranes (PM) at the posterior end of the midgut just anterior of

the pylorus (Py). Scale bar = 0.1 mm.

Sawfly larvae have distinct gastric caeca [10]; however,

there is an evolutionary trend in the Hymenoptera, towards

the Apocrita, where gastric caeca are lost and their function

replaced by cells in the anterior midgut [31]. At the other

end ofthe N. abietis larval midgut, Malpighian tubules empty

into the ectoperitrophic space just anterior to the pylorus

of the hindgut. Maxwell [10] reports that there are approxi-

mately 28 Malpighian tubules in N. swainei larvae and as she

states that, “The general anatomy of all species of Neodiprion

is monotonously similar; differences found on a minor level

are described for swainei, abietis, and lecontei”, and one may
assume a similar number are present in N. abietis. In her

Figure 16: Longitudinal section (dorsal side up) of the posterior

end of a N. abietis larva showing the muscular and chitin-lined

hindgut (HG), which opens to the exterior through the anus (A).

Anal setae are indicated by the arrows. Also visible are fat body (FB)

and the exterior cuticle (C) of the larva. Scale bar = 0.2 mm.

Figure 17: Detail of the ileum showing bacteria (B) in the gut

lumen, the thick cuticle (C), single layer of epithelial cells (Ep), and

layers ofcircular muscles (CM). A Malpighian tubule (MT) is visible

in the hemocoel. Scale bar = 30 pm.

thesis, Maxwell [33] provides a line drawing of the larval

digestive tract of N. abietis drawn from histological sections

(her plate II, E) that shows the structure of the digestive

tract to be similar to our observations. In Maxwell’s drawing,

however, the folds in the epithelium appear to be in the

middle region of the midgut, whereas we observed them at

the anterior and posterior ends of the midgut (Figures 2,

9, 13, and 14). The reason for this difference is not clear,

but it could be that Maxwell sectioned different larval stadia

from those we sectioned, or the differences could be due to

fixation artifact or it could be that the material examined

by Maxwell was infected with NeabNPV. NeabNPV is highly

contagious in populations of balsam fir sawfly larvae and

NeabNPV can be acquired by larvae shortly after emergence

from the egg and quickly transmitted to other larvae [34]. In

the material we examined, columnar epithelial cells and nidi

of regenerative cells were the principle cell types observed

in the middle region of midgut of larval N. abietis. The

simplicity of the larval gut of N. abietis is perhaps reflected
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Figure 18: Fecal pellet surrounded by a sheath (arrow) formed

from the peritrophic membrane in the bulbous rectum of a N.

abietis larva. Scale bar = 0.2 mm.

Figure 19: Longitudinal section from the anus of a N. abietis larva

showing an innervated (arrowhead) seta (S) extending from the

cuticle (C), which is underlain by a single layer of epithelial cells

(Ep) and fat body (FB). Posteriorly directed cuticular spines are

indicated by the arrows. Scale bar = 60 jam.

Figure 20: Anterior duct of larval N. abietis salivary gland showing

the single layer of epithelial cells (Ep) and secretory products (S) in

the central lumen. Gland cells (G) lie in the hemocoel adjacent to

the duct and near fat body (FB). Scale bar = 0.1 mm.

Figure 21: Tubule (arrow) connecting gland cells (G) to the ante-

rior duct (AD) of a N. abietis larval salivary gland. Scale bar =

0.1 mm.

Figure 22: Detail of gland cell with vacuoles (V) in the cytoplasm

and granules (arrows) in both the cytoplasm and the lumen. Scale

bar = 30 jim.

by the low diversity of gut bacteria as determined by culture-

independent molecular techniques (i.e., polymerase chain

reaction amplification and sequencing of conserved 16S

rRNA genes from microbiota) [35, 36].

Santos and Serrao [37] examined the ileums of 47 species

of bees and concluded that in general, the ileum is a chitin-

lined tube formed by a single layer of cuboid cells with

no evidence of anatomical specialization and that the ileum

is surrounded by a layer of circular muscle. This would

also describe the ileum of N. abietis larvae. The rectum

of N. abietis larvae also appears to have a simple anatomy

consisting of a single layer of epithelial cells with a thinner

cuticle and fewer muscles than the ileum. Fecal pellets in

the rectum were covered by peritrophic membrane. Maxwell

[10] refers to “rectal teeth” patterns and the possibility of

using this characteristic to distinguish different species of

Diprionidae; she notes her intention to publish a paper on

this subject. Unfortunately, if she published such a paper, we
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Figure 23: Further detail of granules (arrows) that originate from

the gland cell shown in Figure 22. Scale bar = 30 pm.

Figure 24: Anterior duct of a N. abietis larva salivary gland showing

the single layer of epithelial cells (Ep) with a border of microvilli

(arrow) lining the lumen (L) of the duct. Fat body (FB) cells are

pressed against the duct. Scale bar = 0.1 mm.

have been unable to find it. In general, Maxwell [10] reports

two rows of rectal teeth in the Diprionidae (e.g., N. swainei.

Diprion ( Gilpinia ) hercyniae). We observed numerous, saw-

like teeth and setae lining the cuticle of the anal canal of N.

abietis, but it is unclear whether Maxwell was referring to

either of these structures.

Saliva in insects serves as a lubricant for food entering the

digestive tract; it may contain enzymes and may [38] or may
not [31] be involved in digestion. Salivary glands of sawflies

and higher Hymenoptera are labial glands. Unlike the

salivary glands of sawflies, where the gland cells are clearly

evident on the salivary glands [10, 39], the gland cells of

higher Hymenoptera have been incorporated into the lining

of the salivary ducts [40]. In addition to the production

of saliva, the salivary glands of sawflies may also function

as silk glands for cocoon production in some groups,

such as Xyelidae, Cephidae, and Tenthredinoidae (except

Blasticotomidae) but not others, for example, Pamphiliidae,

Siricidae, and Xiphydriidae (see [41]). In the honeybee (Apis

mellifera), silk production begins and ends in the fifth larval

stadium prior to the prepupal period [42, 43]. Presumably, a

similar process would occur in the larval stadium just prior

to pupation in N. abietis and other diprionid sawflies.

Maxwell [10, 33] undertook her study of the internal

anatomy of 132 species of sawfly larvae to determine the

value of internal characteristics as indicators of taxonomic

and phylogenetic relationships with the view that sawflies

Figure 25: Detail of a N. abietis larva salivary gland anterior duct

showing the nucleus (N) and microvilli (Mv) of epithelial cells (Ep)

and secretory products (arrows) in the lumen (L) of the duct. Scale

bar = 30 pm.

were part of a monophyletic group, the Symphyta. More
recent studies, however, indicate that the sawflies are not

monophyletic [44, 45]. Instead, the different superfamilies of

sawflies form branches off of the main evolutionary line from

a common hymenopteran ancestor to the Euhymenoptera

(Orussoidea and Apocrita) [45]. The differences in internal

anatomies observed by Maxwell [10, 33] likely represent

the long-standing and separate evolutionary histories of

the different groups of sawflies examined. The particular

releveance of an examination of the larval gut histology of

a diprionid sawfly such as N. abietis is that the Diprionidae is

the only family of sawflies, where gammabaculoviruses have

been identified, isolated, and verified [46, 47]. Thus, this

current paper provides information on the healthy digestive

tract of a diprionid sawfly larva against which studies on the

pathology of gammabaculoviruses in diprionid sawflies can

be compared.
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Many organisms participate in symbiotic relationships with other organisms, yet studies of symbioses typically have focused on

the reciprocal costs and benefits within a particular host-symbiont pair. Recent studies indicate that many ecological interactions

involve alliances of symbionts acting together as mutualistic consortia against other consortia. Such interacting consortia are

likely to be widespread in nature, even if the interactions often occur in a cryptic fashion. Little theory and empirical data exist

concerning how these complex interactions shape ecological outcomes in nature. Here, we review recent work on fungal-fungal

interactions between two consortia: (i) leaf-cutting ants and their symbiotic fungi (the latter grown as a food crop by the former)

and (ii) tropical plants and their foliar endophytes (the cryptic symbiotic fungi within leaves of the former). Plant characteristics

(e.g., secondary compounds or leaf physical properties of leaves) are involved in leaf-cutting ant preferences, and a synthesis of

published information suggests that these plant traits could be modified by fungal presence. We discuss potential mechanisms for

how fungal-fungal interactions proceed in the leaf-cutting ant agriculture and suggest themes for future research.

1. Introduction

Symbiosis has been a major engine for evolutionary innova-

tion, at multiple levels ofbiological organization [1-3]. Most

organisms are involved in symbioses, and many symbionts

are essential for host survival and reproduction. Fungi, for

example, are involved in a myriad of symbiotic relationships

and often live symbiotically within their hosts. They are

recognized for their important role in mediating ecological

interactions among plants and animals [4, 5]. For example,

fungal antibiotics fight animal pathogens [6], mycorrhizae

allow plants to access nutrients and thereby affect plant-

insect interactions [7] , and fungal pathogens result in million

dollar losses to agriculture, and have triggered massive social

upheaval, such as that happened with the potato famine in

the 19th century in Ireland [8].

Previous studies of symbiosis have almost exclusively

focused on reciprocal benefits and costs shared by members
of a particular host-symbiont association or a symbiont

effects on a host abiotic or biotic stressors (but see [9]). The

near-ubiquity of symbiosis means that real-world ecological

interactions will rarely be dominated by such single-pair

symbioses and instead involve consortia of single-pair sym-

bioses, acting in alliance with, or antagonistic to, other con-

sortia of symbionts. Despite their ubiquity in nature, their

potential importance for ecological and evolutionary dy-

namics, and their economic impact, very few fungal-fungal

interactions have been worked out in detail, and few studies

have addressed whether direct interactions among multiple

symbionts can influence the success of their respective hosts

[
10 , 11 ].

Here we review recent work from leaf-cutting ant agri-

culture that underscores the ecological and evolutionary sig-

nificance of fungal-fungal interactions. Specifically, we focus

on the endophytic fungi that are present in the leaf material

that leaf-cutting ants bring back to their fungal gardens.

We begin by outlining the natural history of each symbiotic

pair and then consider how the two symbioses interact, with

particular attention to the chemical ecology of fungal-fungal

interactions. We conclude with a discussion of potential

mechanisms for fungal-fungal interactions and suggest areas

for future research.
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Leaf-Cutting Ants and Their Fungal Cultivar

All genera of fungus-growing ants (Myrmicinae: Attini) cul-

tivate a symbiotic fungus as food for their young, and in most

genera the worker ants gather organic detritus (e.g., dead

insect parts and feces) as the nutritional base for their gar-

dens (e.g., [52-54]). One of the major transitions in the ev-

olution of attine agriculture involved a shift from using

organic detritus as garden substrate to cutting and harvesting

pieces of leaves and other plant parts, which occurred in the

common ancestor of Acromyrmex and Atta, the “leaf-cutter

ants” ( arrieras) [55, 56]. Leaf cutters are most abundant and

diverse in Neotropical ecosystems, though two species reach

the southern USA [52, 57]. This evolutionary shift to leaf

cutting was associated with a spectacular increase in colony

size, social structure, and ecological footprint [56].

Although they are not strict herbivores, leaf-cutting

ants are arguably the most important defoliators in the

Neotropics as they cut from a wide diversity ofplants and can

harvest 2-17% of the annual leaf production of forest and

savanna woody plants [58-60], They are major ecosystem

engineers and have significant effects on local flora [58],

seedling recruitment [61], distributions of soil nutrients

[62], and human agriculture [63] (for reviews see [56, 64]).

Leaf-cutting ants maintain an obligate symbiosis with

their fungal cultivar (Leucocoprinus (=Leucoagaricus )
gongy-

lophorus (Hoyt), Lepiotaceae, Basidiomycota) [52]. The

worker ants cut leaves, carry them to the nest, clean and

process them, and use them as the substrate on which they

cultivate a fungus in underground chambers [54]. In turn,

the fungal cultivar partially degrades the leaf material, con-

verting leaf biomass to fungal food for the worker ants and

their developing larvae. This ancient mutualism depends on

the ant hygienic behaviors and an array of “public health”

strategies, which range from weeding and grooming behav-

iors to the deployment of a diverse arsenal of antimicrobial

compounds [9, 54, 65-68]. In brief, the fungal cultivar

cannot persist without ants actively tending their gardens,

and, conversely, the ants cannot persist without a healthy

fungal cultivar.

3.

Symbioses between Plants and
Endophytic Fungi

Foliar endophytic fungi (hereafter “endophytes”) are cryptic

microorganisms that form symbiotic associations with plants

and live most of their life cycle within plant leaves and/or

other above-ground plant tissues without causing any appar-

ent signs of disease [69]. Previous studies suggest that

leaves are flushed endophyte-free and that endophytes are

acquired by horizontal transmission, from spores in the

environment [70] . Decaying litter is likely to be the source of

endophyte inocula, as reproductive structures have not been

observed in live leaves [71, 72]. Endophytes can be extremely

diverse in the leaves of tropical plants [73], with endophyte

communities that conservatively range from 10 to 20 species

per host plant and generally exhibit low similarity among
hosts [72, 74].

Previous work in temperate areas has demonstrated that

some endophytes defend their host plants by making their

leaves less palatable to insect herbivores [75-78] . Such studies

highlight some of the problems associated with studying

symbioses as pairwise interactions. Particular endophyte-

plant combinations, for example, can reduce the survival of

one species of herbivorous insect but have no effect on a

closely related species [76] . Some fungi can drastically reduce

herbivory in one host plant, but they might have no effect

whatsoever in another host plant attacked by the same

herbivore [75, 79]. Furthermore, intraspecific variation may
also shape the outcomes of these interactions. The endo-

phyte Neotyphodium lolii (Latch, Christensen, and Samuels),

for example, is common in perennial ryegrass, which is

attacked by the Argentine stem weevil, Listronotus bonar-

iensis (Kuschel) [80]. Different endophyte strains differ in

their potential impact on a third trophic level, involving

parasitoid wasps, Microctonus hyperodae Loan (Braconidae),

with some strains slowing parasitoid developmental rate or

survivorship, while others had no effect. Tropical host-endo-

phyte-herbivore interactions are only beginning to be studied

[10, 81], and endophyte functional ecology in general is

poorly understood in tropical plants [82], but even limited

data demonstrate the importance of focusing on interacting

symbioses, as discussed in the next section.

4.

Consortia of Interacting Symbionts

Given the spectacular diversity of endophytic fungi, coupled

to the equally spectacular tropical plant diversity, generalist

herbivores, such as leaf-cutting ants, potentially interact

with many hundreds of foliar endophyte species. While

the ant-cultivar symbiosis is relatively well studied (see

[54]), the extensive interactions among the ant cultivar and

fungal endophytes have only recently received attention.

For example, a number of known fungal endophyte species

were isolated from nests of Acromyrmex sp. in Brazil [92],

and other studies have shown that the composition of

endophytes in ant cultivars varies with different conditions,

such as a change of plant species used for substrate [93].

Other than documenting their cooccurrence, little is known
about the consequences of multiple interactions among ants,

their fungal cultivar, and endophytic fungi.

Due to their relationship with a fungal cultivar, the

interactions between leaf-cutting ants and endophytes may
be fundamentally different than those between other insect

herbivores and endophytes. Since most insect herbivores

ingest and digest the plant material they remove, the effect

of the endophyte-plant consortia is likely to be direct

(e.g., fungal infections, toxicity, and nutritional quality

of food) and thus insect physiological response to the

consortia will be direct (e.g., detoxification of plant or

endophyte metabolites). For leaf-cutting ants, however,

the effects of the endophyte-plant consortia could be

direct and/or indirect, if targeting ant fungal cultivar.

Endophytes may act as pathogens toward the ants [94]

or their cultivar, may be beneficial to either or both,

or may be neutral commensals. Similarly, control over
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Table 1: A review ofstudies that correlate plant secondary metabolites with ant foraging preferences, with additional observations ofwhether

these key families of compounds have antifungal properties, change as a result of plant-fungal interactions, or are known to be produced in

in vitro endophyte cultures.

Plant secondary metabolites

Correlation with ant host

plant preferences (- repellant,

+ attractant, 0 neutral)

Anti-fungal

properties*

Fungal-induced changes

in plants §

Endophyte secondary

metabolites

(1) Nonpolar compounds - [12-15]

Aromatic compounds

and nonanoic acid

[16-19]

Terpenoids Yes [20]

P infection triggers plant

production of terpenoid

phytoalexins£ [21]

Monoterpenoids (e.g.,

trans-fi-ocimene)
- [22] Yes [23]

REs trigger increase of

a-terpinene, but not

other monoterpens [24]

Sesquiterpenoids (e.g.,

caryophyllene epoxy,

caryophyllene, nerolidol,

lasidiol, guaiacol, and

spathulenol)

- [25-29]

Yes

(cultivar)

[25-27]

REs trigger increase of

trans-/l-caryophyllene

but not other

sesquiterpenoids [24]

AM increase [30] or do

not affect [31] emissions

Caryophyllene and

derivates, bulnesene,

valencene, cuparene,

heptedilic acid,

hydroheptelidic acid

[16, 32-35]

Diterpenoids (e.g.,

kolavenol)
- [26,27]

No
(cultivar)

[27]

Taxol, guanacastepene,

and subglutinols [34, 36]

Triterpenoids (e.g., lupeol,

3a-hydroxyolean-12-en-27-oic

acid derivates)

- [37, 38]

AM induce

accumulation of

triterpenoids in roots

[39]

Cuticular waxes - [15, 37, 38] Yes [17]

P infection triggers

production of alkene

[23]

(2) Polar compounds (e.g.,

glycosides, and alkaloids,

phenolics)

- [14]

Yes (e.g.,

lignants on

cultivar)

[40]

P infection triggers plant

production of polar

phytoalexins£ (e.g.,

phenolics, alkaloids, and

flavonoids) [21, 23, 41]

Phenolic acids,

rugulosin, lignans,

ergosterol, and steroid

volatile alcohols

[32, 34, 35, 42]

Alkaloids 0 [12, 13] Yes [20, 43]

Cytochalasin

compounds, ergot, loline

alkaloids, lolitrems, and

peramine [16, 34, 44]

Tannins Yes [20]

Hydrolyzable + [12, 13],- [45-47]

Condensed
- [46, 48], + [45], 0

[12,13,47]

AM induce

Glycosides (e.g., saponins and

anthocyanins)
- [12,49, 50] Yes [20]

accumulation of

glycosylated

cyclohexenone

derivatives [30]

Pestaloside and tricin

[16, 34]

General antibiotic effect against a common variety of tested fungi or, in particular, toward leaf- cutting ant cultivar (cultivar).

§P: fungal pathogens, AM: arbuscular mycorrhizae, and RE: root endophytes.
£Phytoalexins: low-molecular-weight antibiotic compounds produced de novo by plants in response to microbial stimulation [51].

which endophytes can remain in the garden may involve

ant hygienic behavior, the physiological properties of the

cultivar, or both [10]. One example of a direct effect of

endophytes on leaf-cutting ants comes from a previous

experiment with grasses in the temperate zone. Evidence of

endophyte toxicity toward leaf-cutting ant queens and

workers for some grass-endophyte combinations was found,

suggesting a defensive mutualism between the grass and

endophyte [11]. The Neotyphodium endophytes involved in

this study, however, differ from those found in tropical plants
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due to their vertical transmission (from mother to seed), lack

of diversity within hosts, and restriction to grass hosts [79].

Theory suggests that defensive mutualisms between

endophytes and their hosts are likely to be more effective

for vertically than horizontally transmitted fungi [79, 95],

yet empirical data provide examples of defensive mutualisms

with horizontally transmitted endophytes as well [96-98].

In the tropics, where endophyte dispersal is horizontal,

there is some evidence that indicates that the leaf-cutting

ants are sensitive to endophytes in the host plants that the

ants utilize. In one laboratory experiment, Atta colombica

Guerin-Meneville workers took longer to cut leaf material

with endophytes relative to leaves without and the work-

ers decreased the endophyte load in leaf material before

planting it in their gardens [99]. In laboratory choice-test

experiments, A. colombica preferred to cut leaf tissue from

tree seedlings with low rather than naturally high endophyte

loads [100]. In contrast to the results from grass endophytes

[11], no evidence of endophyte toxicity to the workers was

observed in these experiments. The differential behavior of

the ants toward leaf tissue with or without endophytes,

however, suggests that the endophytes are antagonistic to the

fungal symbiont of the ants. Furthermore, the ant cultivar

must outcompete or detoxify the endophytes that are not

removed by the workers [10, 101]. In vitro experiments of

fungal-fungal interactions suggested that endophytes were

inhibited by the ant fungal cultivar [99] implying that both

the ants and their cultivar respond to endophytes. Whether

endophytes inhibit or slow the cultivar growth, however, has

yet to be tested.

5. Mechanisms Underlying Leaf-Cutter

Ant Preferences

Although leaf-cutting ants are generalists with respect to the

diversity of plant species they harvest (see Section 2 ), they

are remarkably selective with respect to the plant species,

the individual plant, and the leaves within a plant that they

cut. Typically they prefer to cut from younger leaves than

older ones, woody rather than herbaceous species, light-

demanding rather than shade-tolerant species, introduced

rather than native species, and lianas rather than trees, taking

into account the proportional abundance of these growth

forms. Overall, these patterns suggest that leaf-cutting ants

search for relatively easy-to-cut, less defended leaves, with

high nutritional value [102-105].

We have reviewed previous work on the chemical

and physical properties of leaves that affect leaf-cutter

ant preferences, comparing the properties to additional

studies that describe effects of fungi in vitro and in planta

(Tables 1 to 3). Most studies have focused on one or a

few leaf characteristics, some of which are correlated;

in the case of plant chemistry, only a handful of plant

secondary compounds have been identified that affect ant

selectivity (Table 1). Changes in those key leaf properties

that could result from plant-fungal interactions and

might modify the value of the leaves for ants include

(1) volatile blends emitted by plants after tissue damage

Table 2: A review of studies that correlate plant nutrients with

ant foraging preferences, with additional observations of whether

these key plant traits change as a result of plant-fungal interactions

(pathogens).

Plant nutrient

content

Correlation with ant’s

host plant preferences

(- repellant, +

attractant, 0 neutral)

Fungal-induced changes

in plants

Proteins + [13]

Increase in free and

protein amino acid

Nitrogen + [13,45-47, 83, 84]

content [21]

Variable responses from

increase to decrease of

leafN and a general

Nonstructural

carbohydrates

(NSC)

K, P, Cu

Al, Mn
Zn, Ca, Fe, Mg

+ [46, 47], 0 [12, 13,45]

increase of C/N ratio

[21]

Variable responses from

increase to decrease of

NSC (e.g., accumulation

+ [83, 84]

- [84], 0 [83]

0 [83]

of starch) [21]

(Table 1); (2) high-molecular-weight secondary com-

pounds (e.g., large terpenoids) (Table 1); (3) cuticular waxes

(Table 1), (4) plant nutritional content (Table 2), and (5)

physical properties (Table 3). The vast information about

the foraging preferences of leaf-cutting ants, combined with

the diversity of plant and endophyte species they encounter,

provides an excellent opportunity to identify whether fungi

affect the plant traits responsible for the reduction in plant

damage by these insects.

Fungi, including plant endophytes, are known to produce

organic compounds with antimicrobial and insect repellent

effects, especially when competing with other microorgan-

isms [106] (see Table 1). They can also transform chemical

defenses produced by plants into new organic compounds

[107]. Moreover, endophytes can have effects on physical

properties of leaves such as drought tolerance [108] and

increased lignin deposition in cell walls (Siela Maximova,

unpublished). These observations, combined with the ant

behavior described above, suggest that endophyte-mediated

changes in leaf chemistry or leaf physical traits may play a

significant role in leaf-cutter ant preferences.

Most work identifying compounds from endophytes

has been done from pure in vitro cultures, with little in

vivo work exploring whether and how endophytes interact

with plant tissues to change leaf chemistry [109-111].

Nevertheless, in vitro results so far show that endophytes

typically produce both species-specific unique molecules

and common plant metabolites [107, 112]. For example,

preliminary analyses with Colletotrichum tropicale Rojas,

Rehner and Samuels [113], a common endophyte used in

experiments [99], have revealed the in vitro production of

more than 15 volatile organic compounds by this fungus,
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Table 3: A review of studies that correlate plant physical charac-

teristics with ant foraging preferences, with additional observations

of whether these plant traits change as a result of plant-fungal

interactions.

Plant physical

traits

Correlation with ant

host plant preferences

(- repellant, +

attractant, 0 neutral)

Fungal-induced

changes in plants

Toughness - [85-88], 0 [12,49]

Pathogens and

endophytes trigger

lignification of

Water content
cc • »

+ [45,49, 85],

plant cell walls

[21,41]

Not affected by

pathogen
sappiness

- [89], 0 [12, 13] infections [21]

Density - [85]

Pathogens trigger

increase of leaf

Trichomes: length -[13]

fiber content [21]

Fatex - [90]

Epiphyll
-[91]

community

most of which are sesquiterpenoids typically associated with

plants and trigger rejection of leaves by leaf-cutting ants (C.

Estrada, unpublished). Thus, changes in chemical profiles

of endophyte-infected plants could result from (1) fungal-

derived compounds, (2) quantitative alterations in typical

plant chemical blends triggered by the presence of fungi

inside leaves (e.g., lowering or increasing overall leaf vigor),

or (3) a combination ofboth effects. An alternative hypothe-

sis is that infections by endophytes can prime plant responses

against herbivores [114]. This implies that chemical defenses

of infected and uninfected plants will be similar, but that

plant responses to herbivory and thus herbivore deterrence

will happen faster.

6. Summary and Future Research Directions

The scarcity of data on how endophytes affect plant chemical

and physical traits has hindered our ability to understand the

broad variation in effects that different fungal species, and

fungal-plant interactions, have on herbivores and ultimately

the role that these symbionts have in plant antiherbivore

defense and plant-herbivore coevolution [115]. Leaf-cutting

ants are not strictly herbivores, in that they do not eat

plant material directly but use a fungal intermediary to

convert plant matter to a consumable form. An important

line of plant defense against herbivores involves secondary

chemical compounds that are toxic to insect herbivores

(e.g., [116]). If these secondary compounds are not toxic

to fungi, then the use of a fungal symbiont by the ants

represents a detoxification mechanism that enables the ants

to circumvent plant chemical defense, analogous to the way
some endosymbionts are used by insects for detoxification

purposes (reviewed in [117]). Hence, leaf-cutting ants and

their fungal-driven preferences for leaves offer excellent

opportunities to conduct bioassays on the types of active

compounds produced by endophytes or by endophyte-

mediated interactions with plants. Future work should focus

on whether endophyte-mediated plant protection is due to

the contribution ofparticular fungal traits (e.g., mycotoxins),

changes in typical plant traits (e.g., quantitative changes

in plant defenses or nutrient content), or the emergent

properties arising from specific endophyte-plant interactions

(e.g., biotransformation of plant chemical defenses). This

information will help us understand the sources of the

puzzling variation in the effects that endophytes have on

herbivores [118], the existence of affinities between endo-

phytes and plant species [119], and the overall impact that

these symbionts might have at higher levels of ecological

organization (e.g., population to ecosystem) and across

multiple trophic levels [80, 120].

Moreover, understanding how endophytes influence leaf-

cutting ants and their fungal cultivar will facilitate research

conducive to implementing pathogen-specific, crop-specific

or herbivore-specific biological control programs using

endophytes (e.g., [98, 121]). A particular need for such

a program is one that would reduce the economic losses

caused by leaf-cutting ants in tropical agriculture and agro-

forestry. Plant-microbial and animal-microbial symbiotic

consortia tend to be cryptic and thus are little understood

components of most terrestrial and marine food webs. A
growing body of empirical research indicates that cryptic

consortia of symbionts may be responsible for a large part of

the ecological and evolutionary patterns observed in nature

[3, 82, 122] and that interactions among plants, animals,

fungi, and other microbes are vastly more intricate and

extensive than currently conceived.
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